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ABSTRACT
Heat exchangers are key components of energy conversion systems, including
HVAC&R equipment. The compact microchannel design of a heat exchanger
(MCHX) allows for significant reduction of its volume, weight, and raw mate-
rial, in comparison to conventional fin-and-tube heat exchangers in HVAC&R
systems. The current generation of microchannel evaporators along with ad-
vantages, such as high heat transfer rate and reduced refrigerant charge,
encounters important problems related to flow maldistribution and instabil-
ities in parallel-channels flow. The thermal and hydrodynamic performance
of a microchannel evaporator can drastically decrease, due to the presence
of instabilities, and maintaining a set point for operational parameters can
become challenging.
Microchannels are characterized by a large ratio of surface area to fluid
volume, and rapid growth of bubbles in a confined space causes flow pa-
rameter oscillations. Fluctuations in pressure, pressure drop, temperature
and mass flux can be triggered in the individual channels (ports) and they
can affect neighboring channels. For instance, flow oscillations in parallel
channels can lead to premature initiation of dryout that reduces the overall
heat transfer. This research is motivated by the challenge of predicting flow
boiling instabilities in parallel channels, since understanding the nature of
these instabilities and their relationship to the operational parameters can
be advantageous for the engineering community. Analysis of the pressure
drop behavior in parallel non-uniformly heated microchannels is chosen as
the primary method to explore instabilities.
The possible nonuniformity of heat flux from channel to channel was stud-
ied by solving the conjugate, three-dimensional, transient heat transfer prob-
lem of louvered fins bounded with multiport aluminum plates using commer-
cial software (ANSYS FLUENT). While the fin geometry was kept constant
in all simulations, two different multiport plate configurations (11 round
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ports, D = 1.2 mm; and 22 square ports, 0.54 x 0.54 mm) were analyzed at
two air face velocities, 1 m/s (ReLp = 82) and 5 m/s (ReLp = 410), and two
temperature differences, 10 K and 20 K, between the incoming air and the in-
side walls of the channels that have constant temperature of 10 ◦C. Air flow
was louver directed in both cases, while the large scale vortex shedding from
the plate, in addition to the unstable wake of the exit louver, was observed
at ReLp = 410. The magnitude of the heat flux difference between ∆T = 10 K
and ∆T = 20 K cases was two times. The results show that the first channel,
facing the flow, has the highest heat flux in all cases. The variation of the
channel-to-channel heat flux downstream from the leading edge was depen-
dent on the incoming flow velocity and air flow morphology. The overall heat
flux difference between the leading channel and the trailing one was 73% at
the incoming air velocity of 5 m/s, while this difference was almost 96% at
lower velocity of 1 m/s. It might be concluded that a higher air velocity (mass
flow rate) corresponds to a lower temperature drop for the air stream, and
less variation in the temperature driving potential (port to port) causes less
heat flux variation. Overall, the results of numerical simulations prove the
presence of heat flux variation between neighboring channels; therefore, the
effects of channel-to-channel heat flux variations on flow maldistribution and
flow boiling instabilities between neighboring microchannels were considered.
The region of significant flow boiling instabilities in multiple, nonuniformly
heated channels bounded by constant pressure drop is predicted by model-
ing the pressure drop behavior in each individual channel using the internal
characteristic or ∆Pi−Gi curve. Combination of parallel channels ∆Pi−Gi
curves and definition of possible flow rate solutions at a given constant pres-
sure drop across all channels can be used to demarcate regions of possible
instabilities. In order to accomplish this, theoretical modeling of a single
channel ∆P − G curve is undertaken in this research. Two-phase pressure
drop was modeled based on semi-empirical correlations of the frictional two-
phase pressure drop by Kim & Mudawar [1], and the void fraction model by
Xu & Fang [2]. A single channel characteristic curve model was experimen-
tally validated for two channel sizes 2 mm and 1 mm using refrigerant R245fa
at Tsat=24.5
◦C. The theoretical model consistently predicted the trends in
the data very well, and it predicted pressure drop within 19.3% for the 2 mm
tube and within 32.5% for the 1 mm tube. Furthermore, the effect of fluid
properties, operational parameters, and geometrical parameters of a channel
iii
on a single channel ∆P − G curve behavior is theoretically analyzed. The
span of the negative slope region (where instability is manifested) depends
on saturation conditions, inlet subcooling, heat flux, channel size and length,
and fluid type. The negative slope region decreases with decreasing heat flux,
liquid and vapor densities ratio, and as channel becomes shorter and smaller
due to the reduced vapor generation. The negative slope region also decreases
with increasing saturation pressure, specific heat and degree of subcooling.
Multiple channel instabilities are analyzed by combining individual ∆Pi−
Gi curves of 2-6 unevenly heated microchannels and seeking flow rate solu-
tions at a given constant pressure drop across multiple channels. Theoretical
results show that for a given total flow rate the flow may split among par-
allel pipes in various ways satisfying the equal pressure drop condition in
all channels; there exist a range of the incoming flow rates where maldistri-
bution is the only possible solution. Furthermore, linear stability analysis
was performed to differentiate between stable and unstable solutions. The
analysis enabled the demarcation of unstable regions on the total ∆P − G
curve. Therefore, it is possible to anticipate unstable regions if the inlet flow
rate, number of channels, and operational parameters are known.
In conclusion, this research is focused on the study of flow boiling in par-
allel microchannels subjected to uneven heat flux. Understanding the single
channel pressure drop versus flow rate (∆P − G) characteristic curve, and
understanding the interactions between channels leads to the development
of a map that demarks unstable regions. This map can provide guidance to
engineers in choosing operational conditions and developing compact evapo-
rators. Therefore, the results of this work have significant impact on under-
standing flow boiling behavior in multiple microchannels that could lead to
practical applications.
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NOMENCLATURE
A Area (m2)
D Diameter (m)
L Length (m)
P Pressure (Pa)
∆P Pressure Drop (Pa)
T Temperature ( ◦C)
U Air Velocity (m/s)
u Flow Velocity (m/s)
j Superficial Velocity (m/s)
m Mass Flow Rate (kg/s)
Q Volumetric Flow Rate (kg/s)
G Mass Flux (kg/m2s)
q Heat Flux (kW/m2)
x Vapor Quality
S Slip Ratio
f Fanning Friction Factor
C0 Distribution Parameter
X Lockhart-Martinelli Parameter
Re Reynolds Number
Pr Prandtl Number
xv
Gr Grashof Number
Fr Froude Number
La Laplace Constant
F Fins Parameter
g Gravitational Acceleration Constant (m/s2)
Greek Symbols:
µ Dynamic Viscosity (kg/ms)
ρ Density (kg/m3)
σ Surface Tension (N/m)
τ Shear Stress (Pa)
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 Roughness
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Subscripts:
air air
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B bulk
c contraction
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cf constricted parameter
crit critical
e exit
fr frictional
xvi
gm drift
g gravitational
h hydraulic
hom homogeneous
l liquid
lo liquid only
lm log mean
m arithmetic mean
mi mixing cup, inlet
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mix mixture
ONB onset of nucleate boiling
sat saturated
sh superheated
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surf at the surface
num numerical
tp two-phase
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v vapor
vo vapor only
w at the wall
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CHAPTER 1
INTRODUCTION
This section includes the motivation behind this research, discusses about
transition from macro- to microscale phenomena, explains a particular fluid
choice and justifies the research method chosen based on the literature review
of flow boiling instabilities. Additional literature reviews on particular topics
(e.g. single phase pressure drop, two-phase pressure drop, void fraction, etc.)
are covered in relevant chapters.
1.1 Research Objectives
Microchannel heat exchangers are used in thermal systems such as industrial,
residential and automotive air-conditioning. They are typically made of par-
allel aluminum multiport plates (flat tubes) and louvered fins placed between
them, as shown in Fig. 1.1, such that refrigerant flows inside the ports and air
flows over the fins in an unmixed cross flow configuration. Extrusion process
is used for manufacturing aluminum multiport plates, and it is a proven and
inexpensive technology.
Figure 1.1: Microchannel heat exchanger design
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Current microchannel evaporator designs provide advantages, such as high
heat transfer rate and reduced refrigerant charge; however, issues related to
maldistribution and reverse flow occurrence are prevalent [3–5]. Thermal and
hydrodynamic performance of a microchannel evaporator can drastically de-
crease, due to the presence of instabilities, and maintaining set operational
parameters may become challenging. The major challenge of microchannel
heat exchangers is two-phase flow maldistribution among parallel microchan-
nels as discussed in Hrnjak [6], Hwang et al.[7], Byun and Kim [8], Bowers et
al. [9], Dario et al. [10], Ren et al. [11]. Flow maldistribution can be caused
by parallel-channel instabilities in microchannel evaporators. The fluctua-
tions in pressure, pressure drop, temperature, and mass flux in individual
channels can affect neighboring channels leading to premature initiation of
dryout causing an ineffective overall heat transfer [12, 13].
Therefore, it is important to understand the nature of these instabilities
and their relationship to operational parameters in order to mitigate non-
uniform performance of a mcirochannel evaporator. As a result, this research
is focused on the study of conditions leading to flow boiling instabilities in
parallel microchannels with a particular focus on two-phase flow maldsitri-
bution. The major goals of this research are the following:
• Quantify channel-to-channel heat flux non-uniformity
• Quantify flow maldistribution and effect of operational parameters
• Delineate stable and unstable operational conditions
• Suggest operational space of reduced instabilities in parallel channels
1.2 Discussion on Macro- to Microscale Transition
Flow phenomena in small-scale channels have been extensively studied over
the past two decades, and several authors [14–18] defined transitional cri-
teria from macro- to microscale (Table 1.1). Most of these criteria consid-
ered the prevalence of surface tension over buoyancy as the threshold be-
tween conventional and small channels; non-dimensional parameters used
are the capillary length Lcap =
√
2σ/g(ρl − ρv), confinement number Co =
(1/D)
√
σ/g(ρl − ρv, and Bond number Bo = g(ρl − ρv)D2/σ. Costa-Patry
[19] compared macro- to microscale threshold values based on different au-
2
thors criteria for refrigerant R134a flow at 30 ◦C saturation temperature -
Table 1.2 illustrates a deviation in channel sizes between different definitions.
Table 1.1: Classification of transition from macro-to microscale phenomena
Authors Microscale Transition Macroscale
Kandlikar &
Grande[14]
D < 200µm 200µm ≤ D ≤ 3mm D > 3mm
Li &
Wang [15]
D < 0.224Lcap 0.224Lcap ≤ D ≤ 1.75Lcap D > 1.75Lcap
Cheng &
Wu [16]
Bo < 0.05 0.05 ≤ Bo ≤ 3 Bo > 3
Harirchan &
Garimella [17]
Bo0.5Re < 160 − Bo0.5Re > 160
Ong &
Thome [18]
Co > 1 0.3..0.4 ≤ Co ≤ 1 Co < 0.3
Table 1.2: Comparison of transitional criteria for R134a at Tsat=30 ◦C
Authors Microscale Transition Macroscale
Kandlikar &
Grande [14]
D < 200µm 200µm ≤ D ≤ 3mm D > 3mm
Cheng & Wu [16] D < 175µm 175µm ≤ D ≤ 1.45mm D > 1.45mm
Harirchan &
Garimella [17]
D < 101µm − D > 101µm
Ong & Thome [18] D < 825µm 825µm ≤ D ≤ 2.7mm D > 2.7mm
Kandlikar [20] proposed a scaling analysis of forces affecting in-tube flow
boiling, and assessment of weight of forces affecting the flow in a channel
can be a better approach to evaluate transition from macro- to microscale
phenomena. Forces scaling are following: inertia Fi ≈ G2A/ρ, surface ten-
sion Fσ ≈ σA/D, viscous shear Fτ ≈ µGA/ρD, evaporation momentum
FM ≈ qhv Aρv and buoyancy Fg ≈ D(ρl − ρv)A.
Refrigerants R134a and R245fa are frequently used in microchannel evap-
orators for thermal systems application; therefore, their scaling analysis at
saturation temperature of 20 ◦C, mass flux 200 kg/(m2s) and heat flux of
5 kW/m2 is depicted in Fig. 1.2. Buoyancy force decreases along with the
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hydraulic diameter decrease, and surface tension dominates buoyancy at di-
ameters smaller than 1 mm. Surface tension exceeds inertia in channel di-
ameters below 0.5 mm. Viscous force exceeds buoyancy in channels smaller
than 80µm.
There is a slight difference in forces weight between R134a and R245fa
due to their difference in thermophysical properties as listed in Table 1.3.
The higher value of R245fa surface tension makes transition to microscale
phenomena, according to Kandlikar [20], at slightly larger channel size in
comparison to R134a.
In general, power of forces affecting flow in a channel changes as saturation
conditions and operational parameters change; as the result, the threshold be-
tween macro- and micro flow phenomena becomes inexplicit especially when
flow in different size channels are compared. Therefore, the current research
examines flow boiling instabilities in channels having hydraulic diameters
from 2 mm down to 0.5 mm.
Figure 1.2: Comparison of forces acting during flow boiling as function of a
channel hydraulic diameter Dh
Table 1.3: Comparison of R134a and R245fa properties at Tsat = 20
◦C
Refrigerant
Psat
(kPa)
ρl
(kg/m3)
ρv
(kg/m3)
µl × 10−6
(kg/(ms))
µv × 10−6
(kg/(ms))
σ
(µN/m)
R245fa 145.1 1340 8.38 40.91 10.13 13.70
R134a 655.9 1209 31.89 19.56 11.94 8.09
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1.3 Literature Review
1.3.1 Classification of two-phase flow instabilities
Flow is defined as stable if after small perturbations, its new operating con-
ditions tend asymptotically towards the initial ones [21]. The flow is defined
as unstable in the opposite case. Two-phase flow instabilities can be divided
into microscopic (e.g., Helmholtz and Taylor instabilities) and macroscopic
having the utmost interest in energy systems, since they can degrade their
performance at a large scale. According to the literature, macroscopic flow
instabilities can be divided into static and dynamic [22]. Flow, if disturbed,
tends asymptotically towards a new equilibrium state in case of the static
instabilities. Dynamic instabilities are caused by complex interactions and
feedback between inertia of the flow and two-phase flow compressibility. Ex-
amples of static and dynamic instabilities are listed in Table 1.4 [12, 22–25].
Table 1.4: Classification of two-phase flow instabilities
Static Instabilities Dynamic Instabilities
Flow regimes transition Density wave oscillations (DWO)
Boiling crisis Pressure drop oscillations (PDO)
Ledinegg instability
(flow excursion)
Thermal oscillations (THO)
Geysering
(metastable condition adjustment)
Parallel channels instability
(flow maldistribution, flow reversal)
Most of the dynamic instabilities listed in Table 1.4 are coupled in mi-
crochannel heat exchangers, and they are closely related to a well-acknowledged
Ledinegg instability. The Ledinegg instability or flow excursion can be ana-
lyzed on the pressure drop versus flow rate (∆P − G) plot by considering
the intersection of the channel demand curve and the loop supply curve; the
next subchapter overviews the ∆P − G curve.
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1.3.2 Overview of the pressure drop versus flow rate
(∆P − G) characteristic curve
A boiling system has a distinct N-shape relationship called internal charac-
teristic curve or channel demand curve between the total pressure drop
and the mass flow rate at a fixed heat flux (Fig. 1.3a). An internal
characteristic curve exhibits a negative slope in the two-phase region since
frictional and momentum components of two-phase ∆P are much higher
than in single phase ∆P [21, 24]. Operational regions of the internal curve
are highlighted in Fig. 1.3(a): a - all liquid state, b - onset of nucleate boiling
(ONB), c - onset of flow instabilities (OFI), d - two-phase region, e - complete
vaporization, f - all vapor state.
Understanding of the interaction between internal and external charac-
teristic curves shown in Fig. 1.3(b) is essential for stable operation of a heat
exchanger. Operational points can be stable and unstable depending on the
external system characteristic curve. The system is stable if the slope of
the external characteristic ∆P vsG curve of a pump is negative and steeper
compared to that of the internal channel demand curve [21, 24, 25]:
∂∆P
∂G internal
>
∂∆P
∂G external
(1.1)
Various external characteristic curve scenarios are depicted in Fig. 1.3(b):
• Cases 1 and 2 have steeper negative slope and they intersect the in-
ternal curve at only one point, i.e. point (1), in the middle resulting
in a stable operational condition.
• Cases 3 and 4 intersect the demand curve in three points and, point
(1) becomes unstable. Slight decrease of the flow rate would lead to a
spontaneous shift to lower flow rate and higher pressure drop (point
(2)), and slight increase of the flow rate would lead to a spontaneous
shift to higher flow rate and lower pressure drop (point (3)).
• Case 5 leads to spontaneous vaporization and in may lead to burn-out.
Installation of a constant displacement pump with an almost infinite slope
or a throttling valve at the inlet of a channel can also aid to avoid insta-
bilities [25]. Addition of orifices modifies the demand curve and eliminates
the negative slope, but it may increase the pressure drop significantly [26].
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Figure 1.3: Characteristic curve for a boiling system [13, 24]
It is challenging to install orifices at the entrance of each microchannel in
the case of aluminum extrusion fabrication. Furthermore, use of the correct
displacement pump or orifice might not help to withstand instabilities in the
case of an increased number of parallel channels [25]. Studies [24, 27, 28]
on parallel tubes instabilities show that a system may have more than two
possible operational points, and the complexity of flow instabilities increases.
For instance, for N parallel pipes having constant pressure drop boundary
condition, inlet flow rate (Gin) may split among the parallel pipes in various
ways satisfying equal pressure drop in all pipes. According to the stability
analysis provided by Barnea et al. [29], there can exist 3N possible solutions
for the inlet flow rate (Gin) for a particular inlet pressure. If all pipes are
identical and disregarding the location of the pipe within the array there can
be [3 +N1]!/[N !(31)!] possible steady state values for Gin in the entire range
of pressure drops.
1.3.3 Studies on flow instabilities in parallel channels with
uniform heat flux application
According to the extensive literature review provided in by Ruspini [30],
two-phase flow instabilities in parallel channels, in terms of pressure drop
versus flow rate (∆P − G) curve analysis, were studied mostly for tubes
having inside diameter 4 - 15 mm based on practical application in nuclear
power generation, direct steam generation (DSG), and liquefaction of natural
gas (LNG). It can be explained by the increased safety requirements for
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heat exchanges utilized in those areas. A few important studies on stability
analysis of two-phase flow in parallel channels are presented in Table 1.5.
Research results for flow boiling of water in multiple tubes by Barnea and
Titel [28, 29, 31] is discussed in detail in the Chapter 5.
The classification of instabilities presented in Table 1.4 is valid for small
channels as well; however, instabilities, according to the literature, are more
intense due to the higher rate of volumetric generation of vapor, which in-
duces considerable pressure drop [32]. Description of two-phase instabilities
in parallel microchannels is mostly based on flow-patterns observations and
frequencies analysis of system parameters oscillations as listed in Table 1.6.
Although experimental evidence of flow boiling instabilities in microchannels
has been reported frequently in the literature, better quantitative predictive
methods still need to be developed [33, 34].
1.3.4 Studies on nonunifromly heated parallel channels
Parallel channels instability is one of the major issues in microchannel evap-
orators, and it can be exacerbated by nonuniform heat flux application be-
tween neighboring channels. One might expect that the leading-edge of a
multichannel plate of an evaporator is subject to higher heat fluxes than the
trailing edge; therefore, review of previous studies on nonunifromly heated
parallel channels is important. A few selected studies on stability of in-tube
boiling and flow distribution in unevenly heated parallel channels are listed
in Table 1.7.
General conclusions from works in macrochannels [23, 28, 35] based on
saturation temperature, pressure, and flow rate measurements in every single
tube are the following:
• The most heated tube exhibits the largest magnitude of oscillations
• The most amount of mass flows through the least heated pipe
• Increase of the heating power variation increases instability of the
system
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Table 1.7: Studies on non-uniformly heated parallel channels
Source
Port size
(mm)
Length
(m)
Fluid
Channels
number
Heat input
Kakac et al. [23] 3.75 n/a R11 4 400 - 1000 W
Lee & Pan [35] 6.0 n/a Water 2-6 340 - 615 kW/m2
Baikin et al. [28] 5.0 6.0 Water 4 0 - 1300W/m
Wang et al. [50] 0.186 0.3 Water 8 84.2 - 485.5 kW/m2
Chang & Pan [52] 0.084 0.42 Water 15 7.9 -87.8 kW/m2
Szczukiewicz et al. [53] 0.10 0.10 FC72 62 0 - 500 kW/m2
Studies [28, 52, 53] on the coupling between heat and mass flux in sev-
eral parallel unevenly heated narrow passages have been conducted for flow
boiling in heat sinks (Dh smaller than 200 µm) that are mostly used for
microelectronics cooling. A few valuable observations are the next:
• There is significant interaction between neighboring channels through
the headers
• The magnitude of pressure drop oscillations can be used as an indi-
cator for the reversed flow occurrence
Studies listed in Table 1.7 on non-uniformly heated parallel channels qual-
itatively described interaction between channels and the overall effect of the
heat flux non-uniformity. However, quantification of parallel channels inter-
action was missing. Therefore, a study by the author described in [54, 55]
was conducted to quantify non-uniformly heated parallel channels interac-
tion using cross-correlation analysis. Experiments were conducted on flow
boiling of R134a in four parallel channels having hydraulic diameter of 0.5
mm, and measurements of pressure drop signals ∆Pi across each channel
were used to determine degree of interaction. Details of results are provided
in Chapter 5.3. A strong coupling between pressure drop and flow rate
in individual channels was observed in the study; however, individual flow
rates were not measured due to the experimental facilities constraints. As
the result, the author built an improved experimental apparatus described
in Chapter 3 that can allow simultaneous measurements of ∆Pi and Gi in
individual channels.
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Generally, literature review shows that evaluation of the overall effect of
heat flux non-uniformity on flow distribution is missing. Moreover, selection
of heat flux variation is not justified clearly.
1.3.5 Multiple microchnnels operational maps
Operational maps marking unstable operational conditions of flow boiling in
multiple microchannels were developed by a few authors [53, 56, 57], pri-
marily focused on microchannel heat sinks performance. Their maps are
illustrated in Figs. 1.4, 1.5 and 1.6. The heatflux versus flowrate (q vsG)
type plots are used for stable and unstable conditions mapping; however,
criteria for separating these zones are not unified.
Flow instabilities are marked as HALF (high amplitude oscillations at a
dominant low frequency at low heat fluxes) and LAHF (lower amplitude
oscillations at higher frequency at higher heat fluxes) in a map shown in
Fig. 1.4 by Bogojevic et al. [56]. They studied flow boiling of water in a
microchannel silicon heat sink with 40 parallel rectangular microchannels
(Dh=194µm).
Figure 1.4: Stability map of water flow boiling in parallel microchannels
0.194 mm at Tin=25
◦C [56]
The operational map for FC-72 flow boiling inside a single 0.48 mm tube
shown in Fig. 1.5 was presented by Celata et al. [57]. Experimental data was
categorized into stable and unstable flows based on flow patterns. A map
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developed by Szczukiewicz et al. illustrated in Fig. 1.6 also uses detailed
description of flow patterns in order to differentiate eight different operating
regimes. They studied flow boiling of R245fa, R236fa, and R1234ze(E) in a
microchannel evaporator having 67 parallel channels (100 x 100 mm2) with
inlet restrictions.
Figure 1.5: Different FC-72 flow boiling patterns
within a microchannel 0.48 mm [57]
Figure 1.6: Stable and unstable states of R245fa during flow boiling in 67
microchannels with inlet restrictions (channels 50 x 100 x 100(l) µm) [53]
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1.4 Major Findings from the Literature
The definition of stable and unstable operational conditions of MCHXs uti-
lized in thermal systems, mainly in air-conditioning, is the major focus of
this research. Aluminum-extruded heat exchangers have hydraulic diame-
ters in a range between 0.5 mm and 3 mm, and the literature review shows
that flow boiling instabilities in multiple channels in the range of interest
have not been studied well. Moreover, quantitative study of the interaction
between parallel channels having nonuniform heat application is missing; the
scale and heat flux effects can significantly influence the underlying physics,
as demonstrated (at least in part) by the scaling analysis of forces affecting
in-tube flow boiling reported by [58].
Tube-to-tube (port-to-port) heat flux variation is another major topic
of this research, a feature virtually neglected in the range important to
HVAC&R systems. The heat fluxes that heat exchangers experience in
commercial and industrial HVAC&R applications typically do not exceed
10 kW/m2. That value is significantly lower than heat fluxes in nuclear engi-
neering or microelectronics cooling applications, where the effects have been
explored.
Thermo-hydraulic analysis for AC&R microchannel evaporators combin-
ing approaches from nuclear engineering, direct steam generation, natural
gas liquefaction and microelectronics cooling can be a powerful tool for mi-
crochannel heat exchangers performance optimization. Developed modeling
and experimental analysis of instabilities based on ∆P − G curve for macro-
channels needs to be judiciously adapted to study the thermo-hydraulic be-
havior of MCHX stability. Such a study should necessarily include the inter-
action between parallel channels subjected to nonuniform heat flux, in order
to better understand the mechanisms of the refrigerant flow maldistribution
and the threshold between stable and unstable boiling.
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CHAPTER 2
FLOW BOILING PRESSURE DROP
ANALYSIS IN MICROCHANNELS
This section includes a discussion on the two-phase flow boiling behavior in
a single channel and the various factors that contribute to the total ∆P. The
frictional contribution plays a major role in single-phase pressure drop, and
it can be well predicted from theoretical models. However, both frictional
and inertial effects play crucial roles in two-phase pressure drop, and their
prediction is mostly based on semi-empirical correlations. The modeling of
the total pressure drop in a single microchannel needs to be developed based
on specific correlations applicable for small channels and for flow boiling of
refrigerants when stability of microchannel evaporator for air-conditioning
systems is considered.
2.1 Characteristic Curve of Flow Boiling in a Single
Channel
There can be several hundreds of parallel channels in a single microchannel
evaporator, and interactions between channels can be extremely complex. In
order to understand the overall behavior of the heat exchanger it is important
to firstly understand a single multiport plate, which is the building block of
the entire heat exchanger. A multiport plate typically has 5 to 20 microchan-
nels depending on the port size and they are bounded by constant pressure
drop condition (Fig. 2.1). In such a case, flow boiling in parallel channels
can be analyzed by combining the internal characteristic curve (∆P-G curve
or demand curve) of each individual channel at a constant pressure drop as
discussed in Chapter 1.
The characteristic curve relates the total pressure drop and the mass flow
rate at a fixed heat flux, and it has a distinct N-shape with positive and
negative slope regions, as illustrated in Fig. 2.2. The negative slope appears
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Figure 2.1: Air and refrigerant flows in a typical microchannel evaporator
once nucleation starts inside a channel, and at a given pressure drop there
can be three possible flow rate solutions and one of them is unstable. If
an operational point is on the negative slope of the curve, it is unstable,
according to the criteria Eq. 1.1 and it tends to “jump” to positive slope
regions of the demand curve. When flow boiling occurs in parallel channels,
the multiple channel ∆P − G curve becomes complex, and the degree of
complexity raises as number of parallel channels increases.
Figure 2.2: Internal characteristic curve illustration
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Generally, the total pressure drop in a single channel is the sum of the
following components as illustrated in Fig. 2.3:
∆P = ∆Pc + ∆Pl + ∆Ptp + ∆Pv + ∆Pe (2.1)
Figure 2.3: Illustration of total pressure drop components
(subcooled liquid at the inlet)
Single-phase pressure drop has two contributions-frictional and gravita-
tional:
∆Pl = ∆Pl,fr + ∆Pl,g (2.2)
Two-phase pressure drop consists of three contributions-frictional, inertial
(or accelerational), and gravitational:
∆Ptp = ∆Ptp,fr + ∆Ptp,acc + ∆Ptp,g (2.3)
A detailed discussion of each of these terms will be provided in the following
sections.
2.2 Single-Phase Pressure Drop
Single-phase pressure drop analysis forms the basis of two-phase flow boiling
analysis. In general, single-phase pressure drop consists of two components-
frictional (Eq. 2.4) and gravitational (Eq. 2.5) [59].
∆Pfr =
2fρu2mL
Dh
(2.4)
∆Pl = gρL sin(θ) (2.5)
The frictional component for incompressible, Newtonian fluid flow is char-
acterized by the Fanning friction factor f , which depends on a few factors:
• Flow regime (laminar, transitional and turbulent)
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• Channel geometry and its roughness
• Hydrodynamically developing or fully developed flow
The power law dependence of the friction factor and the Re number in
circular tubes is expressed by different correlations for each regime in the
literature. Hagen-Poiseuilles law f = 16 /Re is valid for laminar flow, while
the Blasius equation f = 0.0791 /Re(1/4) is used extensively for the turbulent
flow regime in smooth round channels.
It is well accepted by the scientific community that transition from laminar
to turbulent flow occurs at a critical Reynolds number of approximately 2000-
2300. However, laminar-to-turbulent transition depends on several factors
including inlet conditions, channel diameter, applied heat flux values, and
fluid properties. Moreover, transition does not occur suddenly, and it may
span a wide range of Recrit values.
Extensive studies on the effect of different types of inlets, such as square-
edged, re-entrant and bellmouth inlet, on the Recrit number have been con-
ducted by Ghajar and Madon [60], Ghajar and Tam [61], and Tam et al. [62].
They studied the flow of ethylene glycol-water mixture in 15.8 mm and 14.8 mm
diameter adiabatic steel tubes. It was reported that Recrit in smooth hor-
izontal adiabatic tubes depended on the inlet configuration and transition
was delayed (Recrit = 5100..6100) for a smooth bellmouth inlet due to the
least disturbance being introduced.
When considering the effect of heating, the friction factor is highly influ-
enced by the thermal boundary layer that affects the velocity profile and
shear stress at the channel wall. Additionally, fluid properties such as viscos-
ity and density change along the length of the tube under constant heat flux
boundary condition, and Recrit varies accordingly near the inlet and near
the exit of the tube. For instance, Recrit was 6480 at the tube inlet and
9110 near the tube exit for the bellmouth inlet into a 15.8 mm (ID) tube
at uniform heat flux of 8 kW/m2 [61]. The major effects of isothermal and
non-isothermal heating conditions are the following, according to Olivier and
Meyer [63], Nunner [64], Tam and Chajar [61, 65],and Olivier [66]:
• The laminar friction factors increase as the amount of heat flux applied
increases
• Transition is delayed to higher Recrit numbers since heating makes
flow more stable
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A correction factor in terms of the viscosity ratio defined at the bulk and
wall temperatures is typically used to account for the heating effect [62].
A few correlations for fully developed friction factor for horizontal diabatic
channels are the following:
• Deissler [67] for laminar fully developed flow:
f =
16
Re
(
µb
µw
)m
, m = −0.58 (2.6)
• Test [68] for laminar fully developed flow:
f =
16
Re
1
0.89
(
µb
µw
)m
, m = 0.2 (2.7)
• Tam and Ghajar [61] for laminar 1100 < Re < 7400 (re-entrant and
square-edge inlets) fully developed flow:
f =
16
Re
(
µb
µw
)m
, m = 1.65− 0.013Pr0.84Gr0.17 (2.8)
• Tam and Ghajar [61] for transitional fully developed flow:
f =
16
Re
(
µb
µw
)m
,m = 1.65− 0.013Pr0.84Gr0.17 (2.9)
– for 2700 < Re < 5500 (re-entrant inlet):
a = 5840, b = −0.0145, c = −6.23 andm = −1.1−0.46Gr−0.133Pr0.41
– for 3500 < Re < 6900 (square-edge inlet):
a = 4230, b = −0.16, c = −6.57 andm = −1.13−0.396Gr−0.16Pr0.51
• Allen and Eckert [69] for turbulent fully developed flow:
f = 0.0791Re−0.25
(
µb
µw
)m
, m = −0.25 (2.10)
The power m of viscosity ratio in all correlations was derived experimen-
tally. While the value of exponent m in Eq. 2.6 and Eq. 2.7, by Deissler [67]
and Test [68], is constant it is a function of Grashof and Prandtl numbers
in Eq. 2.8 and Eq. 2.9, by Tam and Ghajar [61], and it predicts experimental
data for fully developed laminar friction factor with an average deviation of
13.4 % [62]. The correlation by Allen and Eckert, i.e. Eq. 2.10, predicts well
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Figure 2.4: Experimental diabatic friction factor as a function of Re
number [66]
the experimental data provided by [62] and [66], for tubes 15-19 mm in the
turbulent region (Fig. 2.4).
As the tube diameter decreases, the relative roughness (/Dh) increases.
An illustration of the three different channel sizes used in the current study
is shown in Fig. 2.5. All steel tubes were purchased from the same manu-
facturer, IDEX Upchurch Scientific, and they had mean roughness of 4µm,
according to measurements taken using an optical profilemeter WYCO NT
1000; the relative roughness ranged from 0.002 to 0.008.
Figure 2.5: Scale of wall surface roughness of stainless steel tubes having
different diameters in the current study: (a) D = 2150µm, R = 0.002,
(b) D = 1036µm,R = 0.004 (c) D = 508µm,R = 0.008
Roughness in microchannels has significant effects not only on the onset of
the transition from laminar to turbulent flow but also to the friction factor in
the laminar flow region [6]. For instance, Kandlikar [70] suggested using the
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constricted flow diameter Dh,cf = Dh − 2  instead of the nominal diameter
Dh in order to take into account the wall roughness. Therefore, constricted
flow parameters can be expressed as:
Recf =
ρ um,cfDh,cf
µ
, um,cf =
Q˙
Acf
(2.11)
Comparison of the laminar friction coefficient for water flowing in chan-
nels having hydraulic diameter 198-1084µm with and without accounting
roughness effect is shown in Fig. 2.6.
(a) (b)
Figure 2.6: Friction factor for 198− 961µm channels with precisely
machined roughness: (a) based on the nominal diameter, (b) using flow
parameters based on the constricted diameter [71]
Based on the extensive work on laminar-to-turbulent flow transition in mi-
crochannels by accurately controlling wall roughness, Brackbill and Kandlikar
[70] proposed a correlation for Recrit,cf based on constricted flow parameters:
• for 0 < /Dh,cf < 0.08
Recrit,cf = Resmooth − (Resmooth − 800, )
0.08
(ε/Dh,cf ) (2.12)
• for 0.08 < /Dh,cf < 0.15
Recrit,cf = 800− 3270 (ε/Dh,cf − 0.08) (2.13)
Ghajar et al. [72] experimentally investigated the transition from laminar
to turbulent flow for water flowing in circular tubes ranging in size from
337µm up to 2083µm. They reported that f in the transitional range
for channels having diameters 1372 − 2083µm do not deviate much from
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Figure 2.7: Experimental transition regions for water flow in stainless steel
tubes:(a) 1372−2803µm, (b) 838−1372µm, (c) 337−838µm, (d) 413−559µm
based on constricted flow parameters [72]
each other (Fig. 2.7a). However, the friction factor for tubes from 337µm to
1372µm was a function of the tube diameter (Fig. 2.7b and Fig. 2.7c), and it
can be noticed in Fig. 2.7(c) that the transition region became significantly
narrower. Moreover, the laminar friction factor departs from the classical
laminar theory as the tube size decreases (Fig. 2.7c), and experimental data
for smaller channels better match the Hagen-Poiseuille profile when plotted
with constricted flow parameters accounting for the wall roughness effect
(Fig. 2.7d). The slight discrepancy from the laminar theory remaining, even
after modification, is explained by non-uniform roughness of commercially
obtained tubes [72].
The recent work by Tam et al. [61] examined the effect of heating to the
friction factor in horizontal mini-tubes. The flow of distilled water in stainless
steel round tubes, having inside diameter 508− 1170µm and surface rough-
ness values from 1.94µm to 5.30µm, was studied experimentally under both
adiabatic and diabatic conditions. The inlet to all tubes was square-edged.
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Their results on adiabatic friction factor confirmed the findings by Ghajar
et al. [72] and Tam et al. [61] that transition in smaller tubes occurs at lower
Recrit numbers and the laminar-to-turbulent transition region is narrow. The
laminar and transitional friction factor under uniform wall heat flux bound-
ary condition was lower compared to the adiabatic cases due to the viscosity
decrease near the tube wall, and starting and ending of the transition un-
der the heating condition was delayed in comparison with isothermal cases.
Interestingly, there is no significant departure of the experimental data for
diabatic friction factor from Hagen-Poiseuille and Blasius profiles as shown
in Fig. 2.8. This might be explained by considering the counteracting ef-
fect of heating and wall surface roughness: while surface roughness increases
friction factor to some extent, the decrease of fluid viscosity near the wall
decreases the friction factor. Based on the results by Tam et al. [62], it can
be concluded that the classical theory can still be applicable for modeling
laminar and turbulent single-phase friction factor in diabatic microchannels.
Figure 2.8: Friction factor characteristics for the mini-tubes with different
roughness under isothermal and heating boundary conditions:
(a) 1170µm, (b) 838µm, (c) 750µm, (d) 508µm [65]
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A few research works on the study of single phase pressure drop of refrig-
erants in microchannels including laminar-toturbulent flow transition region
are available in the literature. Hwang and Kim [73] investigated pressure drop
characteristics of R134a in 244, 430 and 792µm circular tubes (Fig. 2.9), and
they found that the conventional theory predicted the friction factor within
8.9% of absolute average deviation.
Figure 2.9: Experimental single-phase friction factor for R134a [73]
Hrnjak and Tu [74] performed extensive research on adiabatic single-phase
pressure drop of fully developed R134a flow in 69.5 - 304.7µm size rectangular
channels with aspect ratio from 0.09 to 0.24. Results for flow of R134a in a
Dh = 305µm channel provided in Fig. 2.10 illustrate the following:
• Friction factor data in the laminar region was about 9% higher that
theoretical prediction by Hartnett and Kostik [75]
• Data in the turbulent region depart from those predicted by Churchill’s
correlation [76] for smooth tubes, but model predicts experimental data
better when wall roughness (/Dh) is taken into account
Cavallini et al. [77] examined the friction factor of two refrigerants R134a
and R32 flowing inside a 960µm diameter copper tube. They compared
their experimental data for adiabatic copper tube against the models by
Hagen-Poiseuille, Blasius, Teplov for rough tubes, and Churchill as depicted
in Fig. 2.11. Their results were well predicted by the conventional model by
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Figure 2.10: Comparison of experimental and predicted friction factor for
R134a in Dh = 305µm channel, H / W = 0.1 [74]
Figure 2.11: Experimental friction factor in 0.9 mm tube [77]
Churchill [76], both in laminar and turbulent regions, in contrast to results
by Hrnjak and Tu [74] that stated that conventional theory does not predict
friction factor well for microchannels. The contrast could be explained by the
fact that Cavallini et al. [77] used a tube three times larger than the one used
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by Hrnjak and Tu [74]; therefore, the effect of roughness was not as signifi-
cant. Cavallini et al. [77] also conducted diabatic single-phase pressure loss
measurements and found no significant difference with adiabatic frictional
pressure gradient.
The recent study by Dai et al. [78] examined the effect of wall roughness on
liquid friction factor and laminar-to-turbulent transition by examining 5569
data points for 10− 2000µm channels from the literature. Data points were
mostly for water; however, there were also a few points for R134a taken from
3 studies out of the 33 considered [78]. Rectangular and circular channels
were represented by 55% and 44% of data, respectively. Comparison of both
experimental data and friction factor models allowed highlighting the thresh-
old when relative roughness (/Dh) starts to play substantial role on friction
factor:
• Roughness had little effect on flow characteristics when /Dh < 1%
• The friction factor and Recrit deviate from predicted by models values
for smooth tubes when /Dh > 1%
Furthermore, Dai et al. reconsidered the transitional Re number evalu-
ation proposed by Brackbill and Kandlikar [70] (Eq. 2.12 and Eq. 2.13) and
proposed an updated correlation:
• for 0 < ε/Dh ≤ 1 %
Recrit = 2300 (2.14)
• for 1 % < /Dh,cf < 20 %
Recrit = 2300− 12000 (ε/Dh − 0.01) (2.15)
Overall, literature review on single-phase friction factor revealed that f is
dependent on numerous parameters such as inlet conditions, fluid properties,
whether the channel is adiabatic or diabatic, channel diameter, and ratio of
wall roughness to channel diameter. Although the interaction of all these pa-
rameters in microchannels has not been explicitly studied, the review shows
that conventional friction factor models for smooth tubes can predict fric-
tion factor in microchannels within 9% [73, 74]. Moreover, classical theory
can be used if relative wall roughness is less than 1% [78]. Heating and sur-
face roughness could have counteracting effect, and friction factor in diabatic
26
microchannels, even having relatively high roughness, could be well predicted
using the conventional models. For instance, the asymptotic correlation by
Churchill [76] (Eq. 2.12 and Eq. 2.13) can be used for the entire range of Re
avoiding any discontinuity of the friction factor:
1
f
=
[
1(
(8/Re)10 + (Re/36500)20
)1/2 + (2.21 ln(Re7
))10]1/5
(2.16)
Figures in Appendix C illustrate the surface roughness of three actual
aluminum extruded microchannels with enlarged wall roughness features.
Measurement of the average roughness using an optical profilemeter WYCO
NT 1000 confirmed that their relative roughness is more than 1%. There-
fore, conventional models for predicting friction factor in aluminum extruded
microchannels can be used with some degree of caution.
The modeling of the total pressure drop during flow boiling requires exam-
ining single-phase pressure drop contribution for a wide range of mass fluxes
including transition from laminar to turbulent flow. Based on the recommen-
dations from the literature, the correlation by Churchill (Eq. 2.16), spanning
from laminar to turbulent flow, will be used for single-phase pressure drop
evaluation in the further analysis on a ∆P −G characteristic curve.
2.3 Two-Phase Pressure Drop In Microchannels
Pressure drop characterization of two-phase flows is a challenging task, due to
the physical complexity of phase interaction and transport phenomena [79].
Simplified models of two-phase transport treating the flow as one-dimensional
and steady are generally used to describe the two-phase pressure drop. Two-
phase flow in microchannels is mostly symmetric due to the confined space
available; therefore, one-dimensionalization of the flow characteristics is ac-
ceptable. Description of time-averaged two-phase flow parameters is a widely
used practice due to their simplicity, and the time-averaged analysis is con-
sidered in this research as well.
Two-phase flow patterns play a crucial role in two-phase flow character-
ization since transport phenomena change depending on a particular flow
pattern present in a channel. Therefore, the first part of this section will
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discuss the flow patterns classification in microchannels.
The second part of this section will be on void fraction which is a critical
parameter characterizing two-phase flow along with vapor quality. While
vapor quality x = mv/m is a thermodynamic parameter defining the mass
fraction of vapor in a saturated mixture, void fraction characterizes the space
occupied by vapor phase. There exist several definitions of geometrical void
fractions such as point-wise, chordal, cross-sectional and volumetric [80]. The
cross-sectional void fraction is the most widely used definition of the void
fraction, and it is the ratio of the cross-sectional area occupied by the vapor
phase to the total channel area α = Av/A. It is used as input for defining
key two-phase flow properties and in describing the frictional ∆Ptp,fr and
accelerational ∆Ptp,acc two-phase pressure drop contributions.
There are two major approaches in two-phase frictional pressure drop de-
scription: the homogeneous model and the separated flow model [79]. The
homogeneous flow approach assumes that liquid and vapor phases travel at
the same velocity and two-phase flow behaves like a single phase having
vapor-quality weighted fluid properties, while the separated flow approach
developed by Lockhart & Martinelli considers each phase to be separated
into two distinct regions travelling at differing (usually) velocities [81]. The
applicability of certain models based on homogeneous or separated flow in
microchannels is covered in the third part of this subsection.
The forth part of this section discusses the accelerational pressure drop
contribution which is a distinct characteristic of two-phase flow since it plays
significant role once phase change occurs. Two-phase flow acceleration dur-
ing flow boiling it is highly dependent on void fraction. Therefore, proper
modeling of void fraction can lead to right assessment of the accelerational
pressure drop.
Finally, the last part of this section briefly overviews the gravitational
pressure drop contribution which can be negligible for horizontal channels as
well as in vertical channels when surface tension prevails over buoyancy.
2.3.1 Flow patterns
Two-phase flow patterns in small channels (Dh < 3mm) have been ex-
tensively studied over the past two decades [52, 53, 82–89]. Scattered, non-
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unified descriptions of two-phase flow patterns in minichannels are available
in the literature. However recommendations to use four principal regimes for
two-phase flow in microchannels have been described in [90] . These patterns
are bubbly, slug, annular and mist flow. Nucleate boiling is considered by
many to be the mechanism leading to bubbly/slug two-phase flow regimes
[91] and it is usually observed at low vapor qualities. Evaporation through
a thin liquid film between vapor core and superheated wall becomes domi-
nant as two-phase flow transits from slug to annular regime [92]. Dramatic
changes in heat transfer occur when flow changes from slug flow to annular
flow [90]. Furthermore, bubbly and slug two-phase flow can be treated as ho-
mogeneous, while vapor to liquid phase velocity ratio becomes an important
parameter for an annular flow.
Flow patterns during the flow boiling of R134a in Dh = 542µm square
glass channel are illustrated in Fig. 2.12 from a previous research by Khova-
lyg et al. [93], and R245fa flow boiling visualization in square glass channel
Dh = 1980µm is illustrated in Fig. 2.13. A detailed description of the tubes
dimensions and flow visualization technique used for R245fa flow boiling ex-
periments is provided in Chapter 3. Different vapor quality conditions were
obtained by varying the heat flux from 2.8 to 18.2 kW/m2 in the case of flow
boiling of R134a, and different vapor qualities were obtained by varying mass
flux from 300 to 800 kg/m2s at constant heat flux in the case of flow boiling
of R245fa.
Six distinct flow patterns were observed: bubbly, bubbly-slug, slug, semi-
annular, annular and mist flow (Fig. 2.12 and Fig. 2.13). Intermittent flow
patterns such as bubbly, slug and slug/semi-annular were observed at vapor
qualities below 0.25; at vapor qualities above 0.5 dryout started to take place
in the 540µm channel. Flow patterns were grouped based on the convention
introduced by reference [90].
Bubbly flow is primarily liquid flow, with isolated vapor bubbles smaller
than the channel diameter, as shown in Fig. 2.12(a). This flow regime was
observed at very low vapor qualities (x< 0.03). Slug flow is a flow with elon-
gated bubbles almost touching the channel walls (Fig. 2.12(c),(d)). A thin
liquid film is still remaining between a slug and the wall; the widest part of a
slug is about the channel diameter. The length of slugs may vary significantly
depending on applied heat and mass flux conditions. Slugs may coalesce and
form longer slugs; however a liquid plug remains between neighboring vapor
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slugs of various length. The vapor-liquid interface at the leading edge of a
slug is curved but smooth; the interface can be wavy and disturbed at the
trailing edge, as shown in Fig. 2.12(d).
Figure 2.12: Flow patterns observed during flow boiling of R134a
(Dh = 542µm,G = 95700kg/m
2s, Tsat = 29
◦C)
Figure 2.13: Flow patterns observed during flow boiling of R245fa in a
channel D h = 1980µm, at Tsat = 24.5
◦C, q = 8.6 kW/m2
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Liquid and vapor phases are completely separated in the case of annu-
lar flow. Thin liquid film flows along the channel walls, while the vapor
phase occupies the channel core (Fig. 2.12(g),(h)). However, some tiny liquid
droplets swept from the liquid-vapor interface at high mass fluxes can be ob-
served inside the vapor core. The liquid film surface may be wavy, as shown
in Fig. 2.12(h), but its thickness does not deviate as much as in semi-annular
flow. Mist flow is characterized by the complete evaporation of liquid film at
the walls (Fig. 2.12(i)); liquid droplets can remain inside the vapor core [17].
Bubbly/slug flow is a transitional flow pattern between bubbly and slug
flow, where both bubbles smaller than a channel diameter and elongated slugs
are present in the flow (Fig. 2.12(b)). Each bubble and slug is surrounded
by the liquid phase. Vapor slugs are connected by churning liquid-vapor in
semi-annular flow (Figs. 2.12(e),(f)). The front and rear edges of each slug
are deformed, developing a continuous vapor core. The liquid film thickness
between the vapor core and the tube wall varies; the liquid film is thicker at
the liquid-vapor churning part.
Flow patterns of R245fa differ slightly from R134a due to the higher surface
tension effect, and higher slip at the wall was observed. Flow patterns in
larger channels (978 and 1980µm) generally follow the description provided.
The difference is noticeable at low vapor qualities-small slugs do not span
from wall to wall and a few layer of bubbles can be present (Fig. 2.13a).
2.3.2 Void fraction
Cross-sectional void fraction correlations for two-phase pipe flow can be clas-
sified into several categories [2, 94, 95]:
• Homogeneous model assuming that there is no slip between two phases:
αh =
[
1 +
(
1− x
x
)(
ρv
ρl
)]−1
(2.17)
• Kαh correlations modifying homogeneous void fraction by using a co-
efficient K
• One-dimensional models in terms of the slip ratio S accounting for
differing velocities of the two phases:
α =
[
1 +
(
1− x
x
)(
ρv
ρl
)
S
]−1
, S =
uv
ul
(2.18)
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• Drift flux models in which the relative motion between two phases is
governed by a particular subset of the flow parameters such as drift
velocity usv and the distribution parameter Co:
α =
jv
Coj + ugm
(2.19)
• Models based on the physics of specific flow regimes (eg., based on the
Lockhart-Martinelli parameter Xtt for separated flow)
• Miscellaneous empirical and semi-empirical correlations
The success of a particular void fraction model is mostly based on flow
patterns when two-phase flow in microchannels is examined. Homogeneous
model is applicable for intermittent flow patterns such as bubbly and short
slugs, and models based on the slip ratio can predict the void fraction for
semi-annular and annular flow with greater success [7]. An extended overview
of over 60 void fraction correlations available in the literature is provided in
references [2, 96]. Although there are numerous of void fraction models avail-
able, only a few correlations can be applicable specifically for microchannels
and for refrigerant two-phase flow.
Zhang et al. [97] developed a correlation for minichannels based on the
separated flow model and the drift-flux model. They assumed that the drift
velocity is zero in small channels and expressed their void fraction as:
α =
jv
Coj
, Co = 1.2 + 0.38e
(−1.39/Lo) (2.20)
where the Laplace constant is Lo =
(
σ
g(ρl−ρv)
)1/2
1
Dh
. This correlation is
applicable forDh = 0.014-6.25 mm, Rel ≤ 2000, andRev ≤ 1000. Although
authors suggest using it for air-water two-phase flow at atmospheric pressure,
they used their void fraction model along with their pressure drop correlation
with pressure drop data by Tran [98] for two-phase flow of refrigerants R134a,
R12 and R113 in circular channels having diameter 2.46 mm, 2.92 mm and
rectangular channel with Dh = 4.06mm; the predicted pressure drop was
within an error band of ± 30% (Fig. 2.14).
Cioncolini and Thome [87] proposed the simplified void fraction model for
annular flow in macro- and microchannels based on 2673 data points collected
from the literature from 29 sources. Diameter size ranged from 1.05 mm up
to 45.5 mm. The advantage of this correlation is that it uses minimal number
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Figure 2.14: Evaluation of the Zhang et al. [97] correlation
by data from Tran [98]
of parameters to describe void fraction-vapor quality and densities of vapor
and liquid phases:
α =
hxn
1 + (h− 1)xn (2.21)
where h = −2.129 + 3.129(ρv/ρl)−0.2186 and n = 0.3487 + 0.6513(ρv/ρl)0.5150
The range of applicability is x=0-1, ρv/ρl = 10
−3, α = 0.71. Among all
data points, 152 points were for R410a refrigerant flow in 1.05 and 2.96 mm
tubes from Shedd report [99]. The working fluids were a mix of water with
steam, air, argon, nitrogen as well as a mix of air alcohol with kerosene.
Comparison of the predicted void fraction against the measured by Shedd
was within 5% error bound as shown in Fig. [99].
Xu and Fang [2] reviewed 41 correlations and 1574 experimental data points
of 5 refrigerants (R11, R12, R22, R134a, R410a) with hydraulic diameters
ranging from 0.5 to 10 mm and mass fluxes ranging from 40 to 1000 kg/m2s.
They evaluated experimental data with void fraction correlations using the
root mean squared error (RMSE), coefficient of determination, and mean ab-
solute relative deviation. Comparison between predicted and measured val-
ues of void fraction at different heat transfer modes (adiabatic, condensing,
evaporating), as well as comparison against flow regimes, i.e. slug, annular,
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Figure 2.15: Evaluation of Cioncolini and Thome [87] correlation
by data from Shedd [99]
stratified, wavy, showed that Chisholm correlation [100] performed the best
among existing void fraction models. Moreover, the model by Chisholm [100]
predicted data for flow of refrigerants in minichannels within RMSE = 0.0811
and R2 = 0.7627 although Chisholm developed correlation Eq. 2.22 for con-
ventional tubes based on a combination of annular and homogeneous theory.
α =
[
1 +
(
1− x
x
)(
ρv
ρl
)√
1− x
(
1− ρl
ρv
)]−1
(2.22)
Recently, Xu and Fang [101] using regression analysis proposed a new cor-
relation for two-phase refrigerant flow based on homogeneous void fraction
model:
α =
[
1 +
(
1 + 2Fr−0.2lo α
3.5
h
)(1− x
x
)(
ρv
ρl
)]−1
, F rlo =
G2tp
gDhρ2l
(2.23)
The new correlation had the lowest deviation between predicted and mea-
sured data for minichannels: Xu and Fang [2] correlation had an RMSE = 0.0605
and R2 = 0.8692. When compared to the entire data set considered, Xu and
Fang correlation had an RMSE = 0.9088 and R2 = 0.9088 (Fig. 2.16). The
correlation by Xu and Fang [2], i.e. Eq. 2.23, covers the range of x = 0-1,
Frlo = 0.02− 145, and ρv/ρl = 0.004− 0.153.
Literature review shows that Xu and Fangs correlation [101] is the latest
developed void fraction correlation applicable for refrigerants flow in small
channels, and it could be the best fit to proceed with the two-phase pressure
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Figure 2.16: Comparison of the correlation by Xu and Fang against the
data set considered in [101]
drop analysis in the current research. However, Xu and Fang [101] did not in-
clude correlations by Zhang et al. [97] and Cioncolini and Thome [87] in their
analysis. Therefore, theoretical comparison of five void fraction models, i.e.
homogeneous, Chisholm [100], Zhang et al. [97], Cioncolini and Thome [87],
and Xu and Fang [2], is illustrated in Fig. 2.17 for the case of flow boiling of
refrigerant R245fa in a circular channel of 978µm inside diameter at satura-
tion temperature of 24.5◦C and heat flux of 9.2 kW/m2. The homogeneous
model exhibits the largest void fraction, as expected, since no velocity slip
is taken into account. The model by Zhang et al. [97] is limited by vapor
Re number (Rev < 1000), and as a result it is valid only up to α = 0.43.
Prediction by Cioncolini and Thomes model [87] is valid only in the range of
void fractions between 0.7 and 1, per recommendation by the authors. Xu
and Fang void fraction model [2] lies between the Chisholm model and the
homogeneous model, while it tends towards homogeneous model up to vapor
quality of 0.45. Overall, Chisholm [100] and Xu and Fang model [2] follow
the homogeneous model up to void fraction of 0.24, and then they start to
deviate. It is worth noting that Chisholm model was originally developed for
two-phase flow in conventional channels, and the latest Xu and Fangs model
for void fraction was developed primarily for two-phase refrigerants flow in
microchannels. Therefore, Xu and Fang model can be used for further anal-
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ysis of two-phase pressure drop in microchannels due to its application range
and validity for the entire range of void fraction values.
Figure 2.17: Void fraction models comparison for flow boiling of R245fa in
a circular channel D = 978µm at Tsat = 24.5
◦C and q = 9.2 kW/m2
2.3.3 Frictional pressure drop
Two-phase frictional pressure drop modeling for both conventional and mi-
crochannels is based on two general approaches as mentioned at the be-
ginning of this section: homogeneous flow approach [79] and separated flow
approach [81].
Homogeneous approach assumes that there is no slip between liquid and
vapor phases, and two-phase flow behaves as a single phase having averaged
flow properties ρtp and µtp [79]. Therefore, the two-phase frictional pressure
drop is expressed as:
−
(
dP
dz
)
tp
=
2f tpG
2
Dh ρtp
(2.24)
The two-phase multiplier φlo is used in order to relate single phase and
two-phase friction factors:
φ2lo =
(dP/dz)fr
(dP/dz)lo
=
ftp
flo
[
1 +
(
ρl
ρv
− 1
)
x
]
=(
N
M
)(
GDh
µl
)m−n(
µtp
µl
)n [
1 +
(
ρl
ρv
− 1
)
x
] (2.25)
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where coefficients N, M and n,m depend on the flow regimes at Retp and
Relo respectively. If both liquid only flow ant two-phase flow are in the same
regime, then N = M and n = m. Therefore, Eq. 2.25 becomes simplified:
φ2lo =
(
µtp
µl
)n [
1 +
(
ρl
ρv
− 1
)
x
]
(2.26)
Two-phase mean density can be found by weighting the density of each
phase by vapor quality:
ρtp =
(
x
ρv
+
1− x
ρl
)−1
(2.27)
Two-phase mean viscosity, in general, is also a weighted average with re-
spect to the quality of the flow. There exist a few correlations for µtp such
as the ones by McAdams et al. [82], Cicchitti et al. [102], Dukler et al. [103],
and Beattie and Whalley [104].
Separated approach for two-phase flow modeling proposed by Lockhart
and Martinelli [81] in 1949 has been in the core of all subsequent correlations.
The central idea of the model is the use of two-phase flow multiplier φ2
usually defined empirically. Two-phase frictional pressure drop (Eq. 2.24)
can be determined as the correlation between single-phase frictional pressure
drop and the two-phase multiplier φ:(
dP
dz
)
tp
=
(
dP
dz
)
l
φ2 (2.28)
The multiplier φ is a function of the Lockhart-Martinelli [81] parameter
X and the Chisholm coefficient C and depends on the flow regimes of each
phase [79]:
φ2 = 1 +
C
X
+
1
X2
(2.29)
The Lockhart-Martinelli parameter depends on frictional pressure drop in
vapor and liquid phases accounted separately:
X =
[
(dP/dz)l
(dP/dz)v
]1/2
(2.30)
The originally proposed Chisholm coefficient is C = 20 for tt flow (both
liquid and vapor phases are turbulent), C = 12 for vt flow (liquid is laminar,
vapor is turbulent), C = 10 for tv flow (liquid is turbulent, vapor is lami-
nar), and C = 5 for vt flow (both liquid and vapor are laminar) [100]. The
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expression for the coefficient C has been modified numerous times to accom-
modate for particular flow morphology and operational parameters leading
to new variations of the original separated flow model.
The list of frictional pressure drop correlations based on separated flow
approach both for conventional and small channels is provided in Table 2.1
based on the extensive review work by Kim and Mudawar [105], Xu et al. [2],
Huang and Thome [106].
Table 2.1: Frictional ∆P correlations based on separated flow modeling
For conventional size channels For micro- and minichannels
Lockhart and Martinelli [81] Mishima and Hibiki [107]
Gronnerud [108] Lee and Lee [109]
Chisholm [100] Chen et al. [110]
Friedel [111] Zhang and Webb [112]
Beattie and Whalley [104] Cavalliniet al. [77]
Muller-Steinhagen and Heck [113] Tranet al. [114]
Jung and Radermacher [115] Lee and Mudawar [116]
Wang et al. [117] Hwang and Kim [73]
Wilson et al. [118] Lee and Garimella [119]
Sun and Mishima [120]
Zhang et al. [97]
Li and Wu et al. [121]
Pamitran et al. [122]
Xu and Fang [101]
Kim and Mudawar [105]
Kim and Mudawar [123]
Huang and Thome [106]
Xu et al. [124] experimentally studied flow boiling frictional pressure drop
of R134a in 1002, 2168 and 4065µm diameter copper circular tubes. They
obtained 397 experimental data points and compared them with 32 existing
correlations of two-phase frictional pressure drop. They reported that their
data were predicted well by the correlations of Cavallini et al. [77] having
a mean absolute deviation (MAD) of 15% and Xu and Fang [101] having a
MAD = 17.3% (Fig. 2.18). Among other 6 correlations predicting data well
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were Wilson et al. [118], Gronnerud [108], Kim and Mudawar [123], and Zhang
and Webb [112].
(a) (b)
Figure 2.18: Comparison of frictional pressure drop models with
experimental data: (a) 1.002 mm, (b) 2.168 mm [2]
Moreover, Xu et al. [124] compared 2847 data points for refrigerant flows
(R11, R12, R134a, R32, R123, R507, R407C, R410A, CO2 and propane)
from 27 sources along with their experimental results with existing correla-
tions. All 3244 data points were predicted within 31% error band by Xu and
Fang [101] (MAD = 24.5 %), Friedel (MAD=30.9 %), Muller-Steinhagen and
Heck [113] (MAD = 30.3 %), and Cavallini et al. [77] (MAD = 30.9 %). Among
3244 data points in total, 776 points were for two-phase refrigerant flows in
channels less than 3 mm. Correlations by Xu and Fang [101] (MAD = 18.1 %),
Cavallini et al. [77] (MAD = 24.0 %), Kim and Mudawar [123] (MAD = 27.0 %),
and Wilson et al. [118] (MAD = 28.7 %) were within 30 % error band. Com-
parison of results show that Xu and Fang [101] correlation is not only the
leading one in predicting frictional pressure drop in small channels, but it
also traces the trend of pressure drop data points in 1002µm and 2168µm
channels.
The correlation by Xu and Fang [101] was developed after comparing 2622
experimental data points of 15 refrigerants (Dh = 0.81, 19.1 mm, G = 25.4-
1150 kg/m2s, q = 0.6-150 kW/m2) using 29 existing correlations. When
all data points were considered, the least mean absolute relative deviation
(MARD) by various models was: Muller-Steinhagen and Heck [113] (28.5%)
as shown in Fig. 2.19a and Friedel (29.3%). These results are in agreement
with findings by Thome and Ribatski [125] and Ribatski [126] who reported
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that Muller-Steinhagen and Heck [113] correlation gives good prediction of
two-phase frictional pressure drop for evaporating flow. When data points
only for microchannels are taken into consideration, the correlation by Cav-
allini et al. [77] predicts experimental data within MARD of 26.5%. Among
homogeneous flow models, the model by Cicchitti et al. [102] performed the
least MARD of 46.8% for predicting the frictional pressure drop in microchan-
nels, while McAdams et al. [82] and Duckler et al. [103] were at 57.8% and
59.9% respectively.
After evaluation of existing correlations, Xu and Fang [101] developed their
own correlation to predict the frictional multiplier φlo based on Muller-
Steinhagen and Heck [113] model by applying the least square method to
the 2622 experimental data points. Their new correlation predicts the entire
database within a MARD of 25.2%, as illustrated in Fig. 2.19b, and performs
slightly better than the correlation by Muller-Steinhagen and Heck [113].
When two-phase refrigerant flow in microchannels was considered, the corre-
lation by Xu and Fang [101]predicts the experimental data within 19.3% in
contrast to 28.3% predicted by Muller-Steinhagen and Heck [113].
(a) (b)
Figure 2.19: Comparison of frictional pressure drop predictions by
Muller-Steinhagen and Heck [113] and Xu and Fang [101] correlations
against the experimental database in [101]
A few top performing correlations that can be used to predict frictional
two-phase pressure drop in microchannels can be highlighted after analyzing
the extensive work by Xu and Fang [2, 101]. The models based on separated
flow approach are the ones by Muller-Steinhagen and Heck [113], Friedel [111],
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Cavallini et al. [77] , and Xu and Fang [2]. The homogeneous flow model could
be applied using two-phase mean viscosity by Cicchitti et al. [102].
Xu et al. [2] in their analysis did not include the two-phase frictional corre-
lation by Kim and Mudawar [105] that was developed based on a consolidated
database of 7115 frictional pressure drop data points from 36 sources. Kim
and Mudawar [105] assessed the accuracy of previously published frictional
correlations including the ones by Friedel [111] and Muller-Steinhagen and
Heck [113], and proposed a universal approach to predict two-phase frictional
pressure drop. They introduced a modification to the Chisholm coefficient
(Eq. 2.31 based on Relo, Welo, Suvo, and Bo to correlate the available data:
C = Cnb
[
1 + 60We0.32lo
(
Bo
PH
PF
)0.78]
, Relo ≥ 2000
C = Cnb
[
1 + 530We0.52lo
(
Bo
PH
PF
)1.09]
, Relo < 2000
(2.31)
tt : Cnb = 0.39Re
0.03
lo Su
0.10
vo
(
ρl
ρv
)0.35
, Relo ≥ 2000, Revo ≥ 2000
tv : Cnb = 8.7× 10−4Re0.17lo Su0.50vo
(
ρl
ρv
)0.14
, Relo ≥ 2000, Revo < 2000
vt : Cnb = 0.0015Re
0.59
lo Su
0.19
vo
(
ρl
ρv
)0.36
, Relo < 2000, Revo ≥ 2000
vv : Cnb = 3.5× 10−5Re0.44lo Su0.50vo
(
ρl
ρv
)0.48
, Relo < 2000, Revo < 2000
(2.32)
According to the authors the correlations (Eq. 2.31 and Eq.2.32) are valid
for fluids Air/CO2/N2water mixtures, N2 - ethanol mixture, R12, R22, R134a,
R236ea, R245fa, R404A, R410A, R407C, propane, methane, ammonia, CO2,
and water. The correlations are applicable in the range of hydraulic diam-
eters Dh = 0.0695-6.22 mm, mass velocities 4.0-8528 kg/(m
2s), liquid-only
Reynolds numbers Relo = 3.9-89 798, vapor qualities x = 0-1, reduced pres-
sures PR = 0.0052-0.91.
Kim and Mudawar [105] compared their correlation against data from 16
sources for two-phase flow in mini- and mirochannels and found that the
Mishima and Hibiki [107] correlation worked well (MAE = 16%). However,
their model predicted data with the highest accuracy. For instance, data
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for flow boiling of R245fa in 2.32 mm diameter channels by Tibrica and Ri-
batski [127] were predicted within 7.9% (Fig. 2.20).
Figure 2.20: Comparison of frictional pressure drop predictions by Kim and
Mudawar [105] and Muller-Steinhagen and Heck [113] using data from
Tibrica and Ribatski [127]
Recently an empirical model suitable for the high mass flux operating
conditions was developed by Huang & Thome [106] based on 184 points of
stable flow boiling data for three different refrigerants: R1233zd(E), R245fa,
R236fa. They introduced a modification to the Chisholm coefficient (Eq. 2.33),
and their new model predicts their experimental data of flow boiling in 67
parallel channels having a cross-section area 100 × 100 µm2 within 27.8%
of the mean absolute error. However, their model is limited by the Rel, it
is applicable only in the region below Rel = 2000. Huang & Thome [106]
suggested to use the correlation by Kim and Mudawar [123] for flows having
higher values of Rel . Therefore, the correlation by Huang and Thome [106]
should be used with some caution.
C = 0.0037 Re1.7v Re
−0.83
lo for Rel ≤ 2000, Rev ≤ 2000
C = 0.9 Re0.034v Re
0.20
lo for Rel ≤ 2000, Rev > 2000
(2.33)
Overall, literature review revealed that there are numerous empirical mod-
els available to predict two-phase frictional pressure drop, and some of them
are successful to predict ∆Pfr in microchannels. However, their success de-
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pends on the fluid type, operational range and channel geometry. As a result,
it is challenging to determine a particular universal correlation for total pres-
sure drop modeling. Therefore experimental validation of selected models
and correlations by Kim and Mudawar [123] and Huang and Thome [106] is
presented in Chapter 3.
2.3.4 Accelerational component of the two-phase pressure
drop
The accelerational component of the two-phase pressure drop is directly de-
pended on void fraction and vapor quality. It can be defined as following [79]:(
dP
dz
)
acc
= G2dxdz
{
2xvV
α
− [2 (1− x) ( vl
1−α
)]
+ dαdx
[
(1− x)2 vl
(1−α)2 − x2 vVα2
]} (2.34)
Partial derivatives of the void fraction dαdx and vapor quality dxdz need
to be known in order to solve the Eq. 2.34.
2.3.5 Gravitational component of the two-phase pressure drop
The gravitational component of the two-phase pressure drop depends on the
angle of inclination, void fraction, and fluid densities [79]:(
dP
dz
)
g
= g · sin (θ) · [(1− a) · ρl + α · ρV ] (2.35)
2.3.6 Pressure drop due to the entry and exit losses
Contraction Kc and expansion Ke loss coefficients due to the area change
need to be taken into account when the relevant pressure drop is considered:(
dP
dz
)
c
= Kc
ρ(G/ρ)2
2(
dP
dz
)
e
= Ke
ρ(G/ρ)2
2
Contraction Kc and expansion Ke loss coefficients can be taken from
Fig. 2.21 by Kays and London [128]. According to Kandlikar [129], the values
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of loss coefficient presented in Fig. 2.21a are applicable for low aspect ratio
microchannels, while values from Fig. 2.21b can be used for channels having
aspect ratio 0.1-1.
(a) (b)
Figure 2.21: Contraction and expansion loss coefficients [128]
2.4 Discussion
Generally, in-tube two-phase flow boiling phenomena are complex and strongly
depend on fluid properties and flow morphology as illustrated in this Chap-
ter. Pressure drop in microchahnels is a topic that has been studied for over
two decades, and there is still no universal approach developed to define pres-
sure losses. As a result, the evaluation of pressure drop needs be undertaken
based on fluid and operational parameters. Therefore, a particular refriger-
ant R245fa has been selected in order to proceed with developing the model
for parallel channels distribution. Comparison of the correlations presented
in this Chapter will be evaluated with experimental data in Chapter 3.
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CHAPTER 3
EXPERIMENTAL VALIDATION OF A
SINGLE CHANNEL ∆P −G BEHAVIOR
Experimental study of single-phase and total pressure drop during flow boil-
ing of refrigerant R245fa in 508-2150 µm circular channels is discussed in
this Chapter. Comparison of experimental results with predictions, based
on correlations discussed in Chapter 1, leads to the choice of a particular
model for two-phase frictional pressure drop evaluation. Internal character-
istic curve ∆P − G is constructed based on the chosen models, and the
effects of major operational parameters on total pressure drop behavior are
discussed.
3.1 Experimental Apparatus Description
Experimental Circulation Loop
A schematic of the experimental closed circulation loop is provided in
Fig.3.1. The circulation loop is assembled using 9.52 mm (3/8 in OD) copper
tubing. Pure refrigerant (without any oil) flowed through the test section
driven by a gear pump (Micropump Inc., model VD56T34F5301J) coupled
with a motor (Baldor, VD56T34F53015) and a frequency controller (Fujitsu,
FRN0003C2S-6U). The flow rate of liquid refrigerant in the loop was mea-
sured using two Coriolis-type flow meters (MicroMotion models CMFS025
and CMFS015). A flowmeter CMFS025 was used to measure the total flow
rate in the loop, while CMFS015 was used to measure the flow rate of the
liquid refrigerant through the by-pass line 2. This arrangement allowed mea-
suring flow rate through the test section with accuracy 0.1% by subtraction
of two measurements while two flow meters were operating at the range of
their highest accuracy of 0.05%.
Two brazed-plate heat exchangers (Danfoss Inc., model B3-014-10-4.5H)
45
were used as a preconditioner and a condenser. A preconditioner allowed
control of the temperature of the refrigerant flowing into the test section by
setting a desired liquid subcooling, and a condenser assured complete con-
densation of whatever vapor was generated in the test section; thus, assuring
that only liquid fed the pump. A sight glass at the condenser outlet and the
pumps suction line helped to visually control whether refrigerant is in the
liquid state. A gage manometer connected to the receiver was used to indi-
cate pressure in the loop, and three absolute pressure transducers were used
to measure pressure at different locations: at the inlet to the preconditioner,
at the test section inlet, and at the test section outlet.
By-pass line 1 with a metering valve across a gear pump assisted in con-
trolling circulation rate through the pump by changing pressure drop across
the pump if needed. The by-pass line 2 with a flow meter CMFS015 was
assembled to enable measuring low flow rates through the test section, and
flow rate through it was managed using a metering valve 2 which was also
used to set desired flow rate through the test section. A check-valve installed
downstream the flow meter assured no backflow into the device, which could
affect flow rate measurements. One more metering valve 3 downstream of
the test section was used for very fine adjustment of the flow rate through
the test section. Overall, three metering valves and a frequency drive were
used to set a desired flow rate through the test section.
Experimental Test Assembly
The test assembly had 3 sections and each subsection had 5 parallel iden-
tical branches (Fig.3.2-3.3). Each branch line had 4 segments that were as-
sembled to enable flow rate measurement in individual tubes during multiple
channel experiments. The functionality of each segment was as follows:
• The 1st segment had 30 mm long glass tubes having inner square cross-
section as shown in Fig.3.4, and it was assembled for possible application
of particle tracking velocimetry (PTV) in order to measure the velocity of
liquid refrigerant in each channel by tracking 20-40µm size particles seed
into the flow. Glass tubes were connected to the stainless steel circular
tubing face-to-face using PEEK heat shrink tubing that was shrunk in an
oven at 500 ◦C, extra sealing was assured by applying adhesive around the
joint.
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Figure 3.1: Experimental circulation loop
• The 2nd segment was an actual testing section. Stainless steel circular
tubes (316SS) having length 200.2 mm were used for evaporating the re-
frigerant, their cross sections are shown in Fig.3.5. The average roughness
of the inside surface of stainless steel tube was no more than 4.0 µm ac-
cording to the measurements taken using an optical profilemeter WYCO
NT 1000. The heating nichrome ribbon wire was uniformly wound around
the outer surface of each tube to provide a uniform heat flux (Fig. 3.6).
Heating power was provided using electrical power supplies B&K Precision
9120A to each channel separately. Pressure drop was directly measured
across each channel using wet-wet bidirectional differential pressure trans-
ducers Setra 230.
• The segment 3 was similar to the segment 1 - it had the same arrangement
of glass tubes. Two-phase flow patterns visualization at the test section
exit was the major purpose of the segment 3. Glass channels allowed better
visualization in comparison with round channels due to the reduced light
distortion. Average roughness of the inside surface glass tube wall was
0.05 µm.
• Segment 4 had miniature shut-off valves across each steel tube; this allowed
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controlling number of channels involved in a particular experiment.
The entire test assembly was placed inside an insulating acrylic case cov-
ered with 25.4 mm thick polyurethane insulating foam to minimize heat losses
to the environment.
Stainless steel and quartz tubes dimensions are listed in Tables 3.1 and 3.2,
they were diameter were measured by an optical microscope Nikon Eclipse
with an accuracy of ±1µm.
Figure 3.2: Overview of the test assembly (photo)
(a) General top view
(b) Schematic of the experimental test assembly
Figure 3.3: Overview of the plate geometry A (round ports D = 1.2 mm)
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Figure 3.4: Quartz square tubes cross-sections taken using an optical
microscope:(a) Dh=539.9 µm, (b) Dh=908.0 µm, (c) Dh=1977.5 µm
Figure 3.5: Stainless steel tubes cross-sections taken using an optical
microscope:(a) Dh=2150.3 µm, (b) Dh=1036.4 µm, (c) Dh=539.9 µm
Table 3.1: Stainless steel round tubing dimensions
Section Inside diameter (µm) Outside diameter (µm)
Length
(mm)
Roughness
(µm)
1 507.79±4.47 1644.14±13.31 202.26±0.05 4.0
2 1036.67±8.08 1656.00±75.48 202.15±0.05 3.8
3 2150.30±16.65 3186.18±89.70 202.25±0.05 4.0
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Figure 3.6: Photo of nichrome heaters and 4-sensing connections to the
power supplies
Table 3.2: Quartz glass square tubing dimensions
Section Inside diameter (µm) Outside diameter (µm)
Length
(mm)
1
542.65±7.11 (w)
537.16±6.69 (h)
1087.48±13.54 (w)
1081.98±12.67 (h) 30.05±0.05
2
973.11±15.42 (w)
984.03±9.96 (h)
1608.87±18.72 (w)
1619.79±20.13 (h) 30.14±0.05
3
1980.94±28.84 (w)
1977.53±32.15 (h)
3540.16±35.13 (w)
3544.60±39.11 (h) 30.08±0.05
3.2 Research Methods and Measurements Uncertainty
The flow boiling curve of a single channel is the basis for analyzing multi-
ple channels. Therefore, the single channel pressure drop characteristic was
examined for channels having inside diameter 1036.67µm and 507.79µm.
Additionally, single phase pressure drop experiments validated the reliability
of the experimental setup before conducting two-phase pressure drop exper-
iments and the choice of the single-phase pressure drop correlation as well.
Liquid-only friction factor was calculated by knowing the measured pressure
drop and mass flux:
f =
∆Pl
Dh
ρl
2LG2
(3.1)
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Table 3.3: Specification of measuring instruments
No Description Measurement range Uncertainty of measurements
1
Flowmeter
MicroMotion CMFS025
0-290 g/s
±0.05%
(over 10.5 g/s)
2
Flowmeter
MicroMotion CMFS015
0-86 g/s
±0.05%
(over 10.5 g/s)
3
Pressure transducers
OMEGA PX419
0-6.895 MPa
±0.008%
(0.55 kPa)
4
Pressure transducers
OMEGA PX319
0-2.415 MPa
±0.08%
(1.93 kPa)
5
Differential pressure
transducer Setra 230
69...+69 kPa
±0.040 psid
(0.27 kPa)
6
T-type thermocouples
in nylon insulation
+5...+ 60 ◦C ±0.15 ◦C
7 T-type shielded thermocouples +5...+ 60 ◦C ±0.20 ◦C
8
Power supply
B&K Precision 9120A
0-32 V,0-3
±0.005 V
±0.08 A
Uncertainty analysis of the friction factor, and Reynolds number for single
phase experiments was estimated using the root-square method [130].
Moreover, two-phase flow boiling experiments in a single channel were
conducted to validate analytical modeling. The incoming liquid refrigerant
was subcooled and brought to boiling in a particular channel. Heat flux was
applied to the outer surface of the tube using a nichrome heater shown in
Fig.3.6. Heat flux was estimated from the electrical power using the following
energy balance equation:
q = PelKloss
Din
Dout
1
As,out
, Pel = IelUel (3.2)
The uncertainty of the applied heat fluxes primarily depended on the pre-
cision of the power input measurement. The four-terminal sensing technique
of wiring each channels heater with the power supply was used to improve the
accuracy of the electrical power input. The overall ratio of heat losses, Kloss,
via convection and conduction from a heater to the surrounding laboratory
environment was no more than 10% of the provided electrical power.
The measurement range of each sensing device and their uncertainty are
listed in Table 3.3.
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3.3 Description of the Total Pressure Drop Modeling
Analytical modeling of the total pressure drop behavior during flow boiling
of refrigerants in microchannels was constructed based on the following:
1. Input data:
• Channel geometry: θ,Dh, L, Lh, Acs,ch, Pch, Pch,h
• Operational parameters: G, q,∆Tsub, Tsat, Psat
• Thermodynamic properties: at saturation conditions (ρl, ρv, υl, υv,
µl, µv, kl, Cpl, σ, hfg); subcooled liquid (ρl,sub, υl,sub, µl,sub, kl,sub, Cpl,sub);
superheated vapor (ρv,sh, υv,sh, µv,sh, kv,sh, Cpv,sh)
2. Define the location of the onset of nucleate boiling depending on the
required wall superheat [131]:
Zonb = (TB,ONB − TB,i ) m˙ pl
q Pch
(3.3)
∆Tsat,ONB =
√
8.8σTsatq/ (ρvhfgkl) (3.4)
∆Tsub,ONB =
q
h
−∆Tsat,ONB, TB,ONB = Tsat − ∆Tsub,ONB (3.5)
3. Define the single-phase liquid flow length:
• If onset of nucleate boiling starts within the tube, the liquid flow
occupies part of the tube upstream of the nucleation point:
Ll = Zonb, ifZonb < L (3.6)
• The entire tube is filled with liquid, if nucleation conditions have
not been reached at the tube outlet:
Ll = L, ifZonb ≥ L (3.7)
4. Define the maximum possible length of the two-phase flow, which is
equal to the length required to completely evaporate refrigerant at a
given heat flux q and flow rate m˙ (xmax=1, xmin=0):
Ltp,max = (xmax − xmin ) m˙ pl
q Pch
(3.8)
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5. Define the actual length of the two-phase flow at the given operational
parameters:
• The actual two-phase flow length is equal to the maximum possible
two-phase flow length if nucleation occurs inside the tube, and two-
phase zone is completely inside the tube:
Ltp = Ltp,max, ifZonb < L and (Zonb + Ltp,max) < L (3.9)
• The actual length of the two-phase flow is shorter that the maximum,
if the condition of complete evaporation has not been reached at the
tube outlet:
Ltp = L− Zonb, Zonb < L, (Zonb + Ltp,max) > L (3.10)
• The is no two-phase flow in a channel since nucleation conditions
have not been reached:
Ltp = 0, if Zonb > L (3.11)
6. Define the length of the superheated vapor zone:
Lv = L− (Ltp + Ll) (3.12)
7. Vapor quality at the end of the two-phase flow zone (circular channel):
xe = xi +
4 q Ltp
Dh G hfg
(3.13)
8. Determine single-phase liquid pressure drop according to Eq.3.4 to ac-
count for the frictional contribution and Eq.3.5 to account for the grav-
itational contribution. The same set of equations were used to calculate
vapor pressure drop in case there is a superheated zone present. Fric-
tion factor evaluation is based on one of the correlations discussed in
Chapter 2.2.
9. Determine two-phase pressure drop according to a particular model
listed in Chapter 2.3.
10. Sum up single-phase and two-phase contributions in order to obtain
the total pressure drop across a given channel length.
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The following major assumptions for pressure drop modeling were made:
• A channel has a circular cross-section
• Flow is fully developed
• Inlet losses due to the contraction and outlet losses due to the expansion
are neglected
• Bulk temperature at the inlet TB,i is equal to the in-flowing refrigerant
temperature
• Properties at the subcooled region were evaluated at averaged temperature
between temperature at the inlet Tin and saturation temperature Tsat.
3.4 Analytical Models Validation
3.4.1 Single phase friction factor
A friction factor for R245fa in adiabatic circular channel Dh = 1036µm is
illustrated in Fig.3.7, and Fig.3.8 illustrates the friction factor in a channel
with Dh = 539.9µm. The uncertainty in friction factor was 5.8%, and the
uncertainty in Re number was 2.2%.
Experimental data were compared against the Hagen-Poiseuilles law f =
16/Re in the laminar flow region and the Blasius equation f = 0.0791/Re1/4
in turbulent region; this comparison is eligible since flow was fully developed.
Experimental data match the profile of the Hagen-Poiseuilles correlation de-
fined on the nominal diameter; however the experimental data values are
10% higher. The experimental data match the classical laminar theory with
lower deviation of 8% when evaluated based on constricted flow parameters
accounting wall roughness (Eq.3.11) as suggested by Kandlikar [71]. Data
points in the turbulent region are well predicted by the classical Blasius
equation. Turbulent friction factor was the same both based on nominal di-
ameter and restricted one. Therefore, the wall roughness effect does not play
a significant role when single phase pressure drop is evaluated at high flow
rates.
When total pressure of the flow boiling system is evaluated, it is more
convenient to use a single correlation spanning across laminar and turbulent
54
regions. Therefore, Churchill′s correlation Eq.2.16 is compared against ex-
perimental data. Churchill′s correlation predicts data within 8% based on
nominal diameter. It predicts better laminar-to-turbulent transition when
constricted flow parameters are taken into account; however, it departs from
experimental data points in the laminar region. Overall, comparison of
experimental data with correlations available in the literature shows that
Churchill′s correlation can be used with confidence for further analysis of the
total pressure drop in circular microchannels.
Figure 3.7: Single phase friction factor of R245fa flow in Dh = 1036µm
circular microchannel, Tin=23
◦C
Figure 3.8: Single phase friction factor of R245fa flow in Dh = 539.9µm
circular microchannel, Tin=23
◦C
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3.4.2 Total Pressure Drop
Two sets of experiments shown in Fig.3.9 on flow boiling of R245fa in a
single channel were conducted to examine the total pressure drop behaviour
and to validate the reliability of two-phase frictional pressure drop models.
Averaged experimental parameters are listed in Table 3.4.
Table 3.4: Specification of measuring instruments
No Dh (µm) ∆Tsub (K) Psat (kPa) Tsat (
◦C) q (kW/m2)
1 2150.30 3.20±0.20 145.24±0.55 24.5±0.1 9.6±0.2
2 1036.67 3.80±0.15 145.16±0.69 24.5±0.1 8.8±0.2
Figure 3.9: Pressure drop measurements during flow boiling of R245fa
Averaged pressure drop in two different size microchannels at similar op-
erational parameters show varying behavior:
• ∆P in a Dh = 2150.3µm channel increases in the range between G = 100-
450 kg/m2s, and it decreases in the range between G = 450 850 kg/m2s.
Observations of two-phase flow patterns showed that intermittent flow
patterns (bubbly, slug, elongated slugs) were prevailing in the negative
slope region. Semi-annular and annular flow was dominant in the positive
slope region.
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• ∆P in a Dh = 1036µm channel monotonically increases in the range of
mass fluxes 4001200 kg/m2s. Intermittent flow patterns were observed
starting from G = 900 kg/m2s.
According to the review on two-phase pressure drop in microchannels cov-
ered in Chapter 2.3, top two-phase frictional pressure drop correlations ap-
plicable for microchannels are Fiedel [111], Mller-Steinhagen & Heck [113],
Cavallini et al. [77], Xu and Fang [101], Kim & Mudawar [123] and Huang
& Thome [106] which are based on the separated flow model. Comparison
of two-phase pressure drop at conditions listed in Table 3.4 using above-
mentioned correlations and two homogeneous models by Citthiti et al. [102]
and McAdams et al. [82] are shown in Fig.3.10. It can be observed that
there is a huge discrepancy between various correlations.
(a) R245fa ,Dh = 2150.3µm,
Tsat = 24.5
◦C, Psat = 145.24 kPa,
∆Tsub = 3.8 K, q=9.6 kW/m
2
(b) R245fa ,Dh = 1036µm,
Tsat = 24.5
◦C, Psat = 145.16 kPa,
∆Tsub = 3.8 K, q=8.8 kW/m
2
Figure 3.10: Trends of selected two-phase pressure drop correlations
Comparison of the experimental total pressure drop for flow boiling in
Dh = 2015 µm channels against the pressure drop model using correlation
by Kim & Mudawar shows the lowest RMS value 19.3%. Moreover, the
modeled total pressure drop follows the trend of experimental data points as
shown in Fig.3.11 - pressure drop increases in the range of mass fluxes up to
400 kg/m2s and decreases in the range 400-900 kg/m2s. The total pressure
drop modeled using two-phase frictional correlation by Kim & Mudawars is
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also capturing the trend of pressure drop behavior of R245fa in a channel
with Dh = 1036µm (Fig.3.12). Although it overpredicts pressure drop values
at low flow rates, it exhibits one of the lowest RMS deviation along with the
predictions by Huang & Thome.
Figure 3.11: Total pressure drop for 2150µm inner diameter circular
microchannel at Tsat = 24.5
◦C, Psat = 145.24 kPa, ∆Tsub = 3.8 K,
q=9.6 kW/m2, refrigerant R245fa
The correlation by Huang & Thome in the range of its applicability (G=50-
800 kg/m2s) exhibits the lowest RMS deviation of 25.3%. Since Huang &
Thome′s correlation is applicable only up to Rel≤ 2000, the Chisholm coeffi-
cient for Rel> 2000 was used as provided by Kim & Mudawar. The model by
Mller-Steinhagen & Heck has simillar trend at flow rates above 600 kg/m2s
when intermittent flow patterns were present in the flow; however it over-
predicts at lower flow rates when slip increases in semi-annular region. The
frictional correlation by Xu & Fang, calculated using the relative wall rough-
ness R = 0.05, is far off from Kim & Mudawar and Huang & Thome models.
The frictional pressure drop prediction by homogeneous model by Cittiti et
al. significantly overpredicts data as well. Overall, Huang & Thome correla-
tion predicts data for flow boiling in a microchannel Dh = 1036µm the best,
since it was developed for low pressure refrigerants including R245fa. It fails
to predict a dome-like shape of the total pressure drop at larger diameter
channel. Comparison of experimental and predicted data shows that appli-
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Figure 3.12: Total pressure drop for 1036µm inner diameter circular
microchannel at Tsat = 24.5
◦C, Psat = 145.16 kPa, ∆Tsub = 3.8 K,
q=8.8 kW/m2, refrigerant R245fa
cation of Kim & Mudawars correlation performs good prediction of the data
values and their trend for both channel sizes. Therefore, their correlation is
chosen to further proceed with multiple parallel channels behavior modeling
in Chapter 5.
A pressure drop characteristic curve using Kim & Mudawar′s correlation
has a sharp inflection region as seen in Fig.3.11-3.12. This is due to the
fact that Chisholm coefficient was given by different expressions before and
after a particular transitional Reynolds number. For instance, Kim & Mu-
dawar (Eq. 3.9-3.10) and Huang & Thome (Eq. 3.11) use Recrit = 2000 as a
threshold between the Chisholm coefficient for laminar and turbulent regions.
However, the transition occurs in the range of Reynolds numbers as discussed
in Chapter 2.2 and illustrated in Fig.3.7-3.8. Therefore, the inflection re-
gion is not physical, and it needs to be eliminated by smooth transition from
laminar flow to turbulent flow region. As the result, the total pressure drop
curve is further smoothed in MATLAB by interpolating between points in
the vicinity of the inflection point with preserving the slope of two limiting
curves.
59
3.5 Parametric Study of Single Channel Characteristic
Curve
Internal characteristic curve ∆P − G depends on operational parameters
and thermophysical properties. Therefore, this section examines the effect
on the curve of a few parameters such as:
• Saturation condition (Tsat = 25◦C and 10◦C at ∆Tsub = 3 K, q = 10 kW/m2,
L = 0.2 m, R245fa)
• Degree of inlet subcooling (∆Tsub = 0.5, and 5 K at Tsat = 25◦C,
q = 10 kW/m2, L = 0.2 m, R245fa)
• Magnitude of the heat flux (q = 5 and 10 kW/m2 at Tsat = 25◦C,
∆Tsub = 3 K, L = 0.2 m, R245fa)
• Channel size (Dh = 0.5, 1 and 2 mm at Tsat = 25◦C, ∆Tsub = 3 K,
q = 10 kW/m2, L = 0.2 m)
Comparison of characteristic curves ∆P − G for flow boiling of R235fa at
different channel sizes is shown in Fig.3.13. Firstly, note that the smaller the
diameter the higher the pressure drop. Moreover, all 3 curves exhibit dome-
like shape; however, the negative slope regions occur at different mass fluxes,
and smaller channel has a steeper slope on the ∆P −G curve. The saturation
temperature effect, shown in Fig.3.14, illustrates that pressure drop increases
as Tsat decreases mainly due to the increasing difference in vapor and liquid
densities as well as increasing viscosity. There is a little shift in transition
from two-phase pressure drop curve to the single-phase only pressure drop
curve. Heat flux plays a profound role on ∆P − G curve behavior as shown
in Fig.3.15. Heat flux increase from 5 kW/m2 up to 10 kW/m2 results in
pressure drop increase almost 4 times, both the pressure drop dome and the
negative slope region increase as heat flux increases.
The effect of subcooling degree, shown in Fig.3.16, illustrates that pressure
drop exhibits linear behavior as subsoiling vanishes due to the instantaneous
evaporation that occurs at the tube inlet. Total pressure drop decreases as
subcooling increases since the contribution by the two-phase pressure drop
is reduced.
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Figure 3.13: Effect of channel size
(R245fa, Tsat = 25
◦C, ∆Tsub = 3 K, q=10 kW/m2, L = 0.2 m)
Figure 3.14: Effect of saturation conditions
(R245fa, ∆Tsub = 3 K, q=10 kW/m
2, L = 0.2 m)
Overall, the parametric analysis provides the general beahvior of pressure
drop characteristic curve with changing operational parameters and thermo-
physical properties. Generally, instabilities related to pressure drop and flow
rate oscillations could be avoided if the negative slope of the demand curve
in the two-phase region are modified and made flat or positive [21, 25, 132].
Densities ratio, viscosity, and specific heat are the properties significantly
affecting the pressure drop, while heat flux is an external characteristic that
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influences the amount of vapor generation within a channel. The negative
slope remains persistent at higher flow rates when pure forced convection
dominates; however, it is not present at high rates of evaporation since pres-
sure drop has a linear characteristic at the range of the flow rates of interest.
Interestingly, characteristic pressure drop curve for smaller channels (eg. 0.5
mm) exhibits a linear behavior in the range of the typical operational flow
rates of MCHXs (Gi< 1000 kg/m
2s).
Figure 3.15: Heat flux effect
(R245fa, Tsat = 25
◦C, ∆Tsub = 3 K, L = 0.2 m)
Figure 3.16: Effect of inlet subcooling
(R245fa, Tsat = 25
◦C, q=10 kW/m2, L = 0.2 m)
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CHAPTER 4
HEAT FLUX VARIATION IN PARALLEL
MICROCHANNELS BOUNDED WITH
LOUVERED FINS
A typical microchannel evaporator, as shown in Fig. 4.1, is made of stacked
parallel aluminum extruded multiport plates and louvered fins placed be-
tween them. Cold refrigerant flows inside the ports, and hot air passes
though the louvered fins. Intuitively, it is expected that the leading edge
of a multichannel plate of an evaporator could be subjected to higher heat
fluxes than the trailing edge. However, there is a lack of research investigat-
ing heat transfer across both louvered fins and multiport plates and reporting
any channel-to-channel heat flux variations in compact heat exchangers.
Figure 4.1: Air and refrigerant flows in a microchannel evaporator
Flow field of multi-louvered fin arrays alone was extensively studied by
Thole et al. [133–136] and Tafti et al. [137–143]. They studied in detail, both
numerically and experimentally, the effect of fins geometry on heat transfer,
thermal wakes, onset and propagation of vortices, and transitional regimes.
The air-side thermal-hydraulic performance of louver fin heat exchangers was
studied by Park and Jacobi [144, 145], Antonijevic [146], and Kang et al. [147].
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In the work of Kang et al. [147] the flow and heat transfer characteristics of
flat tube and multi-tube array coupled with louvered fins were investigated;
however, they did not report tube-to-tube heat flux distribution for multi-
tube configuration.
Due to the lack of information on heat flux variation along a multichan-
nel plate, numerical simulations of the conjugate, three-dimensional, tran-
sient heat transfer problem through louvered fins bounded with multiport
aluminum plates were performed. The possible nonuniformity of heat flux
from channel to channel, typical in microchannel evaporators used in air-
conditioning systems, was investigated using the commercial finite-volume-
based CFD software ANSYS FLUENT. Numerical results on channel-to-
channel heat flux maldistribution guided the analysis of flow boiling insta-
bilities in parallel microchannels discussed in Chapter 5.
4.1 Geometry Consideration
Two different configurations of aluminum plates with louvered fins shown in
Fig. 4.2 were examined. Geometry A had a plate with 11 round ports and
each port has diameter 1.2 mm. The overall height of the plate was 2.0 mm.
Geometry B had 22 square ports having hydraulic diameter of 0.54 mm and
a plate height of 1.04 mm. Both plate geometries were based on actual ge-
ometry of aluminum multiport plates as illustrated in Figs. 4.3-4.4 and listed
in Table 4.1. The louvered fin configuration used in simulations represents
the typical geometry used in practical applications. The fin parameters are
illustrated in Fig. 4.5 and listed in Table 4.2. The louvered fin geometry
was kept constant throughout two series of simulations in order to compare
the effect of multichannel plate variation on the channel-to-channel heat flux
distribution.
The geometry of the louvered fins was slightly simplified for numerical
simulations: the curved edges of louvered fins near the fin root were ignored,
and the un-louvered length at the fin root was increased from 0.1 mm up
to 0.25 mm in order to obtain high quality meshing. Square channels were
also adapted for the simulations: the round corners were ignored in order
to reduce the number of small-scale cells that could complicate meshing and
increase convergence time. The final dimensions of the two considered con-
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figurations A and B are shown in Appendix A (Figs.A.1 and A.2). The num-
ber of ports was modified compared to the original multiport plates shown
in Fig. 4.2a and Fig.4.2b in order to accommodate the width of the louvered
fins. Each configuration represented a repetitive unit of the microchannel
heat exchanger, therefore symmetrical boundary conditions were introduced
at the lower and upper surface of multichannel plates and at the left and
right surfaces.
(a) Geometry A: 11 round ports,
D = 1.2 mm
(b) Geometry B: 22 square ports,
Dh = 0.54 mm
Figure 4.2: Geometries considered in the numerical simulations
(a) actual multiport plate
(b) plate geometry accommodated for numerical simulations
Figure 4.3: Overview of the plate geometry A (round ports D = 1.2 mm)
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(a) actual multiport plate
(b) plate geometry accommodated for numerical simulations
Figure 4.4: Overview of the plate geometry B (round ports Dh = 0.54 mm)
Table 4.1: Dimensions of multiport plates considered for simulations
No
Channel
Shape
N
Ports
w
(mm)
h
(mm)
Dh
(mm)
δt
(mm)
tw
(mm)
td
(mm)
A Round 11 - - 1.20 0.35 2.00 17.40
B Square 22 0.54 0.54 0.54 0.25 1.04 17.60
Table 4.2: Dimensions of louvered fins considered for simulations
Parameter
Fd
(mm)
Fl
(mm)
Fp
(mm)
La
(mm)
Lp
(mm)
Ll
(mm)
Lh
(mm)
δt
(mm)
Dimension 17.40 7.80 1.40 30 1.20 7.30 0.43 0.08
Figure 4.5: Dimensions of louvered fins adopted for numerical simulations
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4.2 Problem Statement
The conjugate heat transfer problem of louvered fins bounded with multi-
port aluminum plates was analyzed based on the following parameters and
assumptions:
• Two free stream air velocities 1 m/s and 5 m/s were considered since they
present the lower and higher ranges of air velocities in actual applications
of MCHX
• Wall temperature inside the channels was assumed to be constant and
equal to 10 ◦C, a typical saturation temperature of a refrigerant during
flow boiling in microchannel evaporators
• The temperature differences between the incoming air and the inside walls
of the channels were 10 K and 20 K temperature of the incoming air was
20 ◦C and 30 ◦C respectively
• Air was assumed to be incompressible with constant properties, negligible
viscous dissipation and no buoyancy effects
• Thermal conductivity of aluminum was taken as 180 W/(m K) correspond-
ing to the aluminum alloy 3003
• It is assumed that fins and plates have perfect contact, contact resistance
is negligible
• The heat transfer problem was modeled as three-dimensional in Cartesian
coordinates
• Conservation of mass, momentum and energy were used as governing equa-
tions
• An unsteady laminar solution approach was used to solve the problem
for both values of the incoming free stream velocities since the solution
was expected to be unsteady starting from a certain velocity that was
unknown prior to the simulations
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4.3 Computational Domain, Meshing and Numerical
Method
The computational domain was comprised of 2 zones (solid and fluid) and
4 major elements: fins, top and bottom multiport plates and air flow vol-
ume (Fig. 4.6). In order to allow boundary layer development upstream of
the first louver an air volume was extended upstream of the entrance louver
for about 20 times the louver pitch (Lp). Additionally, an air flow volume
was extended downstream of the exit louver for about 45 time of the Lp
such that a fully developed outflow boundary condition could be set at the
outlet. The decision on the appropriate extension was undertaken after an-
alyzing a few trial computations of the problem: it was observed that air
accelerates at the inlet of the louvered fins domain and the free upstream
velocity condition could not be set right at the beginning of the entrance
lover. Similarly, unsteady wake behind the plate-and-fins domain forced to
set the fully developed outflow condition far downstream from the exit lou-
ver. Other conditions included the symmetry at the lower and upper surface
of multichannel plates in X-Y plane and at the left and right surfaces of the
computational domain in Y-Z plane.
A tetrahedral fine conformal meshing was implemented throughout all the
elements as illustrated in Fig. 4.7. The ”Curvature and Proximity” size func-
tion was used to refine meshing around the corners, sharp edges, and narrow
passages with a growth rate of 1.2 in addition to boundary layer refinement.
These resulted in about 3.3 million elements for the plate-and-fins configura-
tion A and 9.3 million elements for configuration B. A finer meshing for the
second configuration was a result of the conformal meshing since a narrower
multiport plate required finer meshing of its cross-section due to the thinner
wall thickness. The parameters for meshing are listed in Table 4.3.
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Figure 4.6: Computational domain and meshing (configuration A)
Figure 4.7: Tetrahedral conformal meshing illustration (configuration A)
Table 4.3: Mesh characteristics
Parameters Configuration A Configuration B
Number of nodes 702 157 1 713 473
Number of elements 3 355 388 9 256 808
Minimum element quality 0.1076 0.1681
Average quality 0.83815 0.83814
Standard deviation 0.10031 0.09606
A commercial finite-volume based CFD software, ANSYS Fluent was used
for solving the governing equations with the aforementioned boundary con-
ditions. A Pressure-Implicit with Splitting of Operators (PISO) method was
used for transient calculations since it is highly recommended for all transient
flow calculations and for highly-distorted meshes without neighbor correc-
tion. The second order upwind scheme is used for the momentum and energy
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terms and a second order accuracy is obtained in the pressure term. Scaled
residuals of continuity and momentum equations provided in Appendix B
(Eq. B.1 - B.1) were set to 1e-5 and energy equations are converged to 1e-8.
4.4 Results and Discussion
Each channel was numbered starting from the leading edge, and inner wall
surface was separated from the rest of the multichannel plate, as shown in
Fig. 4.8, in order to compare the area averaged heat flux of each channel.
Heat flux contours are split into bottom and top sides of the multichannel
plate. Due to the symmetry conditions at one of the faces of the multichannel
plate, top side of the lower plate is also the top side of the upper plate. The
same is valid for the bottom side. Comparison of the channel-to-channel heat
flux variation is provided for the area averaged heat flux taking into account
both bottom and top sides of each channel.
(a) ConfigurationA (b) ConfigurationB
Figure 4.8: Channels orientation and numbering
(contours of heat flux are shown)
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The velocity and temperature contours are shown in Figs. 4.9 and 4.10 in
the x-z plane at the mid-height of the computational domain: at coordinates
y = 5.9 mm for configuration A and at y = 4.94 mm for the configuration B.
Additional velocity and temperature contours are provided in Appendix B
(Figs. B.1 - B.6), contours plots are depicted in the y-z plane at the mid-width
of the computational domain at coordinate x = 1.4 mm for both configura-
tions.
4.4.1 Flow characteristics: velocity and temperature effect
Comparison of the velocity and temperature fields for configuration A is
provided in Fig. 4.9 and Figs.B.1 - B.3, and for configuration B in Fig. 4.10
and Figs.B.4 - B.6. The air velocity varied from still up to 2.5 m/s and 13 m/s
at set free stream velocities of 1 m/s and 5 m/s respectively. Additionally,
there is clear evidence of the airflow acceleration while approaching the inlet
of the louver domain. The actual velocity entering into the louver banks was
about 1.25 m/s and 6 m/s at set free stream velocities of 1 m/s and 5 m/s
respectively. The Reynolds number based on louver pitch (Lp) was 82 and
410 for the lower and higher inlet velocity limits, respectively.
The air flow was louver directed in both cases of inlet velocities (Figs. 4.9-
4.10); however, the wake behind louvers domain was unstable at U=5 m/s
and stable at U=1 m/s. Figures B.1 and B.4 (Appendix B) illustrate two
sequences of velocity fields at ReLp = 410 with time step of 0.02 s apart. It can
be noted that outflow had oscillating behavior caused by large-scale vortex
shedding from plates. Additionally, the wake behind exit louvers was also
unstable due to the merge of airstreams from parallel louver banks as shown
in Figs. 4.9(c,d)-4.10(c,d). In contrast, the outgoing flow was stable at ReLp
= 82 as shown in Figs. B.3 and B.6 (Appendix B) for both configurations.
Comparison of temperature fields at 4 combinations of inlet parameters
shows that flow at ReLp = 82 has a more uniform temperature behind the
turning louver reaching a wall temperature of 283 K (10 ◦C). The air flow at
ReLp = 410 was cooled to 291 K (18
◦C) while wall temperature was main-
tained at 283 K (10 ◦C). Temperature fields were not affected much by the
outflow oscillations as seen in Figs. B.2 and B.5. Therefore, a little effect of
the oscillating wake on the heat flux variation is expected.
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Figure 4.9: Velocity and temperature contours in the middle cross-section
in y-plane (configuration A)
72
Figure 4.10: Velocity and temperature contours in the middle cross-section
in y-plane (configuration B)
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4.4.2 Channel-to-channel heat flux variation
A comparison of the wall-heat-flux contours of each channel is provided in
Figs. 4.11-4.12. There was a slight difference in heat flux field for the bottom
and top sides due to the fins orientation as shown in Fig. 4.2. Top surface was
joint to two parallel rows of louvers in the middle, while the bottom surface
was connected to louvers at both edges. The area and time averaged heat
flux variation from channel to channel is shown in Fig. 4.13 for configuration
A and in Fig. 4.15 for configuration B. Figures 4.14 and 4.16 provide the
ratio of each channel heat flux compared to the first one for all 4 variations
of inlet velocity and temperature difference.
Numerical results show that the first channel, facing the flow, has the
highest heat flux in all cases. The channel-to-channel heat flux for plate A
was monotonically decreasing from the leading channel to the last one in
the case of the lowest velocity, and the area averaged heat flux dropped 16
times from the leading channel to the last one (the last channel having a
heat flux 1/16th of the first). The channel-to-channel heat flux at the highest
air velocity 5 m/s for plate A was also gradually decreasing in the upstream
half region, while a time averaged heat flux of a few channels downstream
the turnaround louver slightly increased due to the smaller air-side recovery
zone behind the turn-around louver at higher velocities. As a result, the
heat flux from the 1st channel to the last one decreased only 3 times due to
the improved flow mixing at higher Re numbers, and the smaller change in
mixing-cup temperature from inlet to outlet. The channel-to-channel heat
flux distribution for plate B, which has the higher number of smaller channels,
was more affected by the inlet louver. The boundary layer over the first two
channels was increasing until it reached the end of the inlet louver as shown
in Fig. 4.17. The 1st channel exhibited the highest heat flux due to the larger
area exposed to the incoming hot air, while there was a 20% decrease in heat
flux from the 1st to the 2nd channel due to the less efficient heat transfer
from the inlet louver. The heat flux of the 3rd channel was recovered due
to boundary layer separation starting at the 1st louver. Apart from the
aforementioned observation, the general behavior of the channel-to-channel
heat flux distribution was similar to plate A.
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Figure 4.11: Heat flux contours of channels walls (configuration A)
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Figure 4.12: Heat flux contours of channels walls (configuration B)
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Figure 4.13: Heat flux variation from channel to channel (configuration A)
Figure 4.14: Ratio of the heat flux in each channel relative to the 1st
channel (configuration A)
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Figure 4.15: Heat flux variation from channel to channel (configuration B)
Figure 4.16: Ratio of the heat flux in each channel relative to the 1st
channel (configuration B)
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There was a negligible effect of the outflow air oscillations at ReLp = 410 to
the overall channel-to-channel heat flux distribution. Although small periodic
fluctuations in heat flux were observed in channels behind the turning louver,
their magnitudes were miniscule and did not affect the time averaged heat
flux values.
The overall heat flux variation from the leading channel to the last one
was 73% at the incoming air velocity of 5 m/s, while it was almost 96% at
lower velocity of 1 m/s. The difference between the heat flux magnitude per
channel had an order of two between two temperature gradients ∆T = 10 K
and ∆T = 20 K.
(a) Velocity contours (b) Temperature contours
Figure 4.17: Leading edge of the plate B at U = 5m/s and ∆T = 20 K
(cross-section in x-plane)
4.4.3 Numerical results validation
Numerical simulations were compared with the literature regarding the flow
structure and air-side heat transfer coefficient. Work by Tafti et al. [142]
was used to compare flow morphology, and work by Park and Jacobi [144]
on Colburn j-factor for louver-fin heat exchangers was used to evaluate heat
transfer.
Flow Structure
Tafti et al. [142] studied the transition from laminar to unsteady flow and
its spatial propagation in a multi-louvered fin array. They conducted numer-
ical simulations on the air flow in a multi-louvered fin geometry at various
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Reynolds numbers (ReLp = ULp/ν) and classified the transition mechanism
from steady to unsteady flow. According to their results, shown in Fig. 4.18,
the flow is steady in the interior until ReLp number reaches 900, and insta-
bilities start to propagate into the interior of louvered fins at higher ReLp
numbers. Small recirculation zones are present at the exit wake of all louvers
at Re number of 100, and the wake recirculation regions become larger as
Re number increases. Separation and reattachment of shear layers at certain
spots can be observed in the range of ReLp numbers 200-400. The wake of
the exit louvers becomes unstable as Re number increases to 400, and the
von Ka´rma´n vortex street is clearly present. The instability is caused by the
interaction of the leading edge separated shear layer, on the top of the exit
louver, with the trailing edge separated shear at the bottom.
Figure 4.18: Development and propagation of instabilities in the
multi-louvered geometry (initial appearance of instabilities) [142]
Current numerical results show a consistency with the findings by Tafti
et al. [142]. There were no vortices observed from louvers and in the wake
behind the exit from the heat exchanger for incoming air velocity of 1 m/s
(ReLp=82). The air flow became unstable at the higher incoming velocity
of 5 m/s (ReLp=410), and there was vortex shedding from the exit louvers
and from the multichannel plates forming von Krmn vortex street behind
the heat exchanger. Small-scaled refined vortices were not observe in the
current research since the time step chosen was 0.005 s (f =50 Hz) was not
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adequate to capture them. According to the study by DeJong et al. [148] a
typical Strouhal number based on fin thickness δf for vortex shedding from
offset strip fins is about 0.18. This number can be also used to characterize
flow over louvered fins because of their similarity. Vortex shedding frequency
in the current problem expected to be 2250 Hz at ReLp=82 and 11250 Hz
at ReLp=410, and the corresponding period of oscillations are 0.4 ms and
0.09 ms respectively.
Interestingly, the current results show an interaction between outflow of
two air streams from parallel row of louvers which has not been reported in
the literature due to mainly focusing on a single row of fins. Flow instabilities
observed at ReLp=410 in the current research are due to the shedding from
the multiport plates typical to vortex shedding from bluff bodies.
Air-Side Heat Transfer Coefficient
The averaged heat transfer coefficient was calculated using mixing-cup
inlet Tmi and outflow Tmo temperatures obtained from numerical simulations
using the following Eq. 4.1-4.5:
hnum =
qnum
As∆Tlm
(4.1)
qnum = m˙Cp(Tmi − Tmo) (4.2)
m˙ = UAcsρair (4.3)
∆Tlm =
(Tmi − Tmo)− (Tmo − Tsat)
ln( Tmi−Tsat
Tmo−Tsat )
(4.4)
Nunum =
hnumLp
k
(4.5)
The non-dimensional Nusselt number was determined using Eqs. 4.1-4.3
and was compared to the Nu number estimated by Park and Jacobi [68] cor-
relation for Colburn j-factor (Eq. 4.6-4.10). Their correlation was developed
based on 1030 heat transfer experimental data points for flat-tube louver-
fin heat exchangers collected from the literature and had a RMS residual of
11.5% [144].
j =
Nu
RePr1/3
(4.6)
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jcor = C1jRejlouverα
C2NC3LB×
×
(
Fl
Lp
)C4 (Fd
Fp
)C5 (Ll
Fl
)C5 (Fl
Tp
)C7 (
1− δf
Lp
)C8 (Lp
Fp
)C9
(4.7)
jRe = Re
[C10+C11 cosh
(
Fp
LP−1
)
]
Lp
(4.8)
jcor = 1− sin
(
Lp
FP
α
)[
cosh
(
C12ReLp − C13
Fd
NLBFP
)]−1
(4.9)
jlouver = 1− C14 tan (α)
(
Fd
NLBFp
)
cos
[
2pi
(
Fp
Lp tan (a)
1.8
)]
(4.10)
The heat transfer coefficients determined based on numerical simulations
results and according to Park and Jacobi [144] are compared in Table 4.4 for
geometry A and Table 4.5 for geometry B. The results show that prediction
of the heat transfer coefficient for higher Reynolds number flow differs at
most by 18% and as low as 7% for fin-and-plate configuration A and A at
U = 5 m/s. Numerical results for heat transfer at lower velocity of U = 1 m/s
is within 60% and as close as 36% for both geometries A and A. The varia-
tions in predicting the heat transfer coefficient between low and higher ReLp
could be explained by the contribution of the empirical coefficient jlow in
addition to the surface area that was used for the heat transfer evaluation.
The entire surface area facing the fluid, including the edges of louvered fins,
was taken into account in the heat transfer Nunum calculation.
Overall, the comparison of heat transfer results against the correlation
developed by Park and Jacobi shows a good agreement for high ReLp flow,
while the correlation under-predicts Nu at lower incoming air velocity case.
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Table 4.4: Comparison of the air-side heat transfer parameters (Config. A)
U
(m/s)
∆T
(K)
∆Tmi
(K)
∆Tmo
(K)
∆Tlm
(K)
∆Tav
(◦C)
Nu
num
hnum
(W/m2K)
Nu
cor
hcor
(W/m2K)
∆h
(%)
1 10 290.3 283.3 1.81 15.34 6.14 123.8 3.99 80.46 53.8
1 20 297.9 283.5 3.94 20.81 5.44 109.8 3.99 80.46 36.5
5 10 292.9 285.4 5.16 14.64 11.03 222.4 9.42 189.90 17.1
5 20 300.8 287.7 9.66 17.99 10.07 203.0 9.42 189.90 6.90
Table 4.5: Comparison of the air-side heat transfer parameters (Config. B)
U
(m/s)
∆T
(K)
∆Tmi
(K)
∆Tmo
(K)
∆Tlm
(K)
∆Tav
(◦C)
Nu
num
hnum
(W/m2K)
Nu
cor
hcor
(W/m2K)
∆h
(%)
1 10 292.2 283.2 1.73 17.32 7.77 156.6 3.99 80.46 59.30
1 20 301.5 283.4 4.21 24.14 11.03 122.4 3.99 80.46 39.60
5 10 292.7 285.2 4.87 14.68 11.45 231.0 9.42 189.90 9.64
5 20 301.6 289.1 11.05 17.40 8.51 171.6 9.42 189.90 21.64
4.4.4 Concluding remarks
Numerical solution of the conjugate heat transfer problem shows that more
uniform heat flux distribution is observed between neighboring channels at
higher incoming air velocity U = 5 m/s. The lower heat flux variation is due
to the low variation in the driving potential (Tm − Tsat) along the depth
of louvers. The heat flux between the leading and the trailing edge of the
multichannel plate varies drastically in case of the slower U = 1 m/s incoming
air flow.
In general, results of the numerical simulations prove the presence of heat
flux variation between neighboring channels which was overlooked in the
literature. Knowledge about channel-to-channel heat flux variation is carried
further in this research to analyze the effect of the heat flux variation on
the flow maldistribution and flow boiling instabilities between neighboring
microchannels.
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CHAPTER 5
MULTIPLE-CHANNELS STABILITY
The flow boiling ∆P − G characteristic curve is a function of the thermo-
physical properties of the working fluid and the operational parameters as
discussed in Chapter 3. Parallel channels in an actual multiport plate of
MCHX are bounded by the same inlet and outlet manifold; therefore, they
have the same pressure drop, degree of inlet subcooling and saturation tem-
perature. The only substantial difference between parallel channels can be
the heat flux magnitude. Based on the findings in Chapter 4, there ex-
ists a non-uniform heat flux distribution between channels sharing the same
multiport plate, and its magnitude depends on the location of neighboring
channels, saturation temperature of the refrigerant, free stream air velocity,
and its temperature.
This chapter examines the effect of heat flux nonuniformity on the flow rate
maldistribution between parallel microchannels. A detailed discussion on
the flow rate distribution between 2-3 channels is provided by analyzing the
total pressure drop versus total flow rate characteristic curve of the system.
Quantitative analysis of the flow rate distribution is undertaken by analyzing
all possible flow rate solutions at a constant pressure drop. Demarcation of
regions of flow instability is accomplished by applying liner stability analysis
on steady-state momentum equation for small mass flux perturbations in
each channel. The relation between flow maldistribution and two-phase flow
boiling instabilities is also discussed.
5.1 Linear Stability Analysis
Flow boiling of water in multiple tubes and their stability analysis was in
detail analyzed by Maulbetsch & Griffith [149], Akagawa et al. [27], Minzer
et al. [31], Baikin et al. [28] and Barnea et al. [29]. Although their focus was
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mainly on steam generation in tubes over 3 mm in diameter, their methods
and results have general value and can be adopted in the current analysis of
multiple microchannel stability.
Based on Baikin et al. [28], the stability of multiple channels systems
can be defined by applying a linear stability analysis on the characteristic
curves ∆Pi − Gi of individual channels. The characteristic curve ∆P − G
of flow boiling is the graphical representation of the momentum equation
for the two-phase mixture. Generally, unsteady, one-dimensional momentum
equation for the two-phase mixture has the following form:
∂
∂t
(ρljl + ρvjlv) +
∂
∂z
(
ρl
j2l
(1− α) + ρv
j2v
α
)
= −∂P
∂z
− τS
A
− ρg sin θ (5.1)
Equation 5.1 can be rearranged in terms of the mass flux and vapor quality:
∂G
∂t
+
∂
∂z
(
G2
[
S (1− x)
ρl
+
x
ρv
](
x+
1− x
S
))
= −∂P
∂z
−τS
A
−ρg sin θ (5.2)
Assuming that flow is steady, mass flux is uniform along the tube and
cross-section is constant, integration of Equation 5.2 from the tube inlet to
the outlet leads to the expression:
G2
out∫
in
[
S (1− x)
ρl
+
x
ρv
](
x+
1− x
S
)
dz =
−
out∫
in
∂P
∂z
dz −
out∫
in
τS
A
dz −
out∫
in
ρg sin θdz (5.3)
The first term in the right-hand side is total pressure drop across the
channel:
out∫
in
∂P
∂z
dz = Pout − Pin (5.4)
The second and third terms in Eq.5.3 are frictional and gravitational pres-
sure drop:
out∫
in
τS
A
dz = ∆Pfr (5.5)
85
out∫
in
ρg sin θdz = ∆Pg (5.6)
The left-hand side inertia term in Eq.5.3 depends on the state of the flow
at the inlet and at the outlet:
• If single phase liquid is flowing into the channel and two-phase flow is
outgoing from the channel it has the following form:
out∫
in
[
S (1− x)
ρl
+
x
ρv
](
x+
1− x
S
)
dz =
[
S (1− x)
ρl
+
x
ρv
](
x+
1− x
S
)
− 1
ρl
(5.7)
• If single phase liquid is flowing into the channel and vapor is outflowing
from the channel it has the following form:
out∫
in
[
S (1− x)
ρl
+
x
ρv
](
x+
1− x
S
)
dz =
1
ρv
− 1
ρl
(5.8)
The momentum equation Eq.5.3 can be simplified after substituting ex-
pressions Eq.5.4-5.8:
Pin − Pout = ∆Pfr + ∆Pg +G2 (Bout −Bin) (5.9)
where coefficientsBin andBout correspond toBin =
[
S(1−x)
ρl
+ x
ρv
] (
x+ 1−x
S
)
and Bout =
1
ρl
when two-phase flow is at the channel exit or Bin =
1
ρv
when
vapor only is outflowing. The right-hand side of the Eq.5.9 is a function of
the mass flux G, and it can be grouped as f(G). Therefore, the momentum
equation 5.9 simplifies to the following expression:
Pin − Pout = f (G) (5.10)
Therefore, pressure drop across a channel becomes only a function of the
mass flux f(G) when steady-state flow is considered. If the system consists
of N parallel channels, momentum equation Eq.5.10 becomes:
Pin − Pout =
∑
i
f (Gi) (5.11)
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Overall, the momentum equation for a channel i expressed by Eq.5.11
defines the internal characteristic curve ∆Pi − Gi of an individual channel.
A general discussion on total pressure drop across each channel was provided
in Chapter 3, while a more rigid derivation is provided in this section.
Stability of multiple channels systems can be determined by introducing
a small perturbation gi around a steady-state mass flux Gs,i. The perturbed
mass flux per channel can be expressed as Gi = Gs,i + gi where a small
flow rate perturbation can be defined in exponential form as gi = δie
λt.
Substitution of expressions forGi and gi into the momentum equation Eq.5.11
leads to the momentum equation for small mass flux perturbations in each
channel:
dPin
dGin
gin − dfi
dGi
gi −mdgi
dt
= 0 (5.12)
where dPin/dGin and dfi/dGi represent the slopes of the total incoming
flow rate (εin) and individual flow rate curves (εi) respectively. Momentum
equation 5.12 for small mass flux perturbations can be can be re-written and
transformed into the perturbation matrix as following:
εin (g1 + g2 + . . .+ gN) = εi gi +m
dgi
dt
(5.13)

εin + ε1 −mλ εin ... εin
εin εin + ε2 −mλ ... εin
: : : :
εin εin ... εin + εN −mλ


δ1
δ2
:
δN
 = 0
Assessment of the stability of the system can be undertaken by analyzing
eigenvalues λ of the characteristic matrix Eq.5.13. The system is stable when
all eigenvalues are less than zero (λi < 0) - any small perturbations tend
towards a stable solution; otherwise, if at least one eigenvalue is positive, the
flow rate is unstable [150].
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5.2 Parametric Study of Multiple Non-Uniformly
Heated Channels
The port-to-port heat flux variation for two different configurations of mul-
tiport plates, estimated in Chapter 4, is graphically illustrated in Fig.5.1
and it can be used as a guideline on studying the interaction of multiple
microchannels. Further analysis on the stability of multiple channels is pro-
vided for 1.2 mm circular microchannels corresponding to channels of the
multiport plate A shown in Fig.5.1a. Neighboring channels on the plate
with configuration A have the largest heat flux variation in comparison with
the multiport plate B (Fig.5.1b); therefore, distinct features of the effect of
the heat flux non-uniformity on flow behavior can be derived based on the
analysis of parallel channels having larger hydraulic diameter of 1.2 mm.
(a) Dh=1.2 mm (plateA) (b) Dh=0.54 mm (plateA)
Figure 5.1: Channel-to-channel heat flux variation (results from Chapter 4)
Heat flux distribution from port-to-port illustrated in Fig.5.1a shows that
channels have the highest heat flux values at incoming air velocity U = 5 m/s
and temperature difference of ∆T = 20 K although this case has the smallest
slope of heat flux variation. The highest variation is observed at U = 1 m/s
and temperature difference of ∆T = 10 K. Temperature difference of ∆T = 20 K
between air flow and refrigerant is typical for the start-up regime, while
∆T = 10 K is typical for steady-state operation of the heat exchanger. Since
flow boiling instabilities during long-term operational mode have the greater
interest, the case of the lowest air velocity U = 1 m/s and temperature differ-
ence ∆T = 10 K is analyzed further in this section. Moreover, it is expected
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that a multiple channel system at U = 1 m/s and ∆T = 10 K would experi-
ence the most amount of flow maldistribution in comparison with U = 5 m/s
case due to the largest heat flux variation from the leading edge to the trail-
ing edge as shown in Fig.5.1. Although heat flux values are relatively low
(3.68..0.23 kW/m2), the heat flux is reduced 4.7 times from the 1st channel
to the 6th one, and 16 times from the 1st channel to the last channel 11.
Various scenarios of the ∆P − G curve behavior for multiport channels
and flow rate distribution (flow rate splitting characteristic) are analyzed
further in this chapter for the set of 6 neighboring channels (Dh=1.2 mm).
The number of channels was limited by the computational power available:
only up to 6 channels simultaneously could be processed using a 2.80 GHz
and 24.0 RAM machine.
Refrigerant R245fa at saturation conditions in each channel Tsat=10
◦C
and inlet subcooling of ∆T = 3 K is considered in this analysis. Heat flux
changes from 3.68 kW/m2 to 0.61 kW/m2. Individual channels characteristic
curves ∆Pi − Gi are illustrated in Fig.5.2.
Figure 5.2: Multiple channels characteristic curves
(Dh=1.2 mm, R245fa, Tsat = 10
◦C, ∆Tsub = 3 K, L = 0.2 m)
All pressure drop curves shown in Fig.5.2 asymptotically reach single-phase
liquid only pressure drop value at higher mass fluxes; the change of the single
phase pressure drop slope at Gi = 930 kg/m
2s corresponds to the transition
from laminar to turbulent flow. Void fraction is evaluated using Xu and
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Fangs correlation [2], while two-phase frictional pressure drop is calculated
using Kim and Mudawar′s model [1]. Single phase pressure drop is evaluated
using the correlation by Churchill [76]. The interaction of non-uniformly
heated parallel channels is discussed in detail in the following subsections by
increasing number of channels considered.
5.2.1 Two Parallel Channels Interaction
The simplest case of multiple channels interaction includes two channels hav-
ing the same heat flux. However, due to the possible N-shape of the flow
boiling characteristic curve, there are regions where 3 solutions for the flow
rate are possible at constant pressure drop.
The simplest example of the interaction of two uniformly heated channels
is shown in Fig. 5.3. Both channels are subjected to heat flux of 3.68 kW/m2.
The individual channels characteristic curves ∆Pi − Gi is illustrated in
Fig. 5.3(a), the total ∆P − G characteristic curve is shown in Fig. 5.3(b),
the ratio of the flow rate per channel (R = Gi/G) is presented in Fig. 5.3(c),
and the flow distribution map is shown in Fig. 5.3(d). The colored lines
correspond to a particular channel (black-channel 1, blue-channel 2).
The second case of non-uniform heating between two channels is shown
in Fig.5.4. Channel 1 is subjected to heat flux q1 = 3.68 kW/m
2, while the
second one is subjected to the lowest heat flux q2 = 3.21 kW/m
2. This cor-
responds to the heat flux distribution between microchannels 1 and 2 shown
in Fig.5.1a. Pressure drop exhibits a larger negative slope region at higher
heat flux (Fig. 5.4(a)), and this results in a more uneven flow rate distribu-
tion in comparison with the previously discussed case of uniform heated two
channels as shown in Fig.5.4(c, d).
Eight possible solutions of the total flow rate at a constant pressure drop
of 0.71 kPa are marked in Fig. 5.4(b). At each flow rate there can be several
combinations of flow distribution between parallel channels as marked in
Fig. 5.4(c). Eight vertical dashed lines cross flow distribution plot a few
times and the number of intersections depend on the flow rate range. An
even distribution can be achieved only when two tubes are filled with liquid
only, while flow is distributed unevenly between two channels when two-phase
flow boiling is present at least in one of the channels.
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Figure 5.3: Characteristic ∆P − G curve of the two channel system
(R245fa, D = 1.2 mm, Tsat = 10
◦C, ∆Tsub = 3 K, L = 0.2 m, q= 3.68 kW/m2):
(a) individual channels curve, (b) total flow rate,
(c) flow rate splitting ratio, (d) flow rate distribution map
If the entire range of pressure drop is considered (∆Pi = 0.01-1.5 kPa), only
one combination of flow distribution is possible between two channels in the
range of low flow rates G = 20-614 kg/m2s and high flow rates G = 1351-
1478 kg/m2s. The region of three possible combinations exist between 614
kg/m2s and 1351 kg/m2s, and one of them is unstable corresponding to
the highlighted unstable regions on the total ∆P − G characteristic curve
(Fig. 5.4(b)). Unstable flow rate distributions are marked with red color in
Fig.5.4(c, d). As a result, it can be expected that at constant incoming flow
rate, the flow between parallel channels may split in two different combina-
tions. For instance, at constant incoming flow rate of 1100 kg/m2s, vertical
line 5 shown in Fig. 5.4(b-d), flow between two channels may split in the
ratio of 0.857/0.143 at ∆Pi = 0.71 kPa and 0.931/0.169 at ∆Pi = 0.75 kPa.
The highest flow rate corresponds to the liquid only flow in channel 1, while
the smallest flow rate corresponds to the two-phase flow in channel 2. The
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solution when both channels are filled with two-phase flow and pressure drop
characteristic corresponding to negative slope region is unstable.
This gives an important insight to understand instability of flow patterns
alternations. When two parallel channels operate at fixed inlet total flow rate
(G), flow rate per channel (Gi) may be alternating according to the splitting
ratio corresponding to a given flow rate G. Flow rate alternation is directly
linked to pressure drop oscillations, and both of them cause flow patterns
alternation. The effect is profound in microchannels, when a slight change
in flow rate results in flow patterns change, especially closer to the transition
from intermittent to annular flow. The change in flow morphology on its
turn affects the rate of the heat transfer.
Figure 5.4: Characteristic ∆P − G curve of the two channel system
(R245fa, D = 1.2 mm, Tsat = 10
◦C, ∆Tsub = 3 K, L = 0.2 m, q1 = 3.68 kW/m2,
q2 = 3.21 kW/m
2): (a) individual channels curve, (b) total flow rate,
(c) flow rate splitting ratio, (d) flow rate distribution map
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5.2.2 Three Parallel Channels Interaction
The characteristic curves of three channels and their splitting ratio R =
Gi/G, when three of them are combined, are shown in Fig.5.5. The colored
lines correspond to a particular channel. The resulting total flow rate curve
is illustrated in Fig.5.5(b).
Figure 5.5: Characteristic ∆P − G curve of the three channel system
(R245fa, D = 1.2 mm, Tsat = 10
◦C, ∆Tsub = 3 K, L = 0.2 m):
(a) individual channels curve, (b) total flow rate,
(c) flow rate splitting ratio, (d) flow rate distribution map
Theoretical modeling of the interaction between three channels shows that
flow distribution becomes complex, and there are regions of significant flow
maldistribution. Flow is evenly distributed only at very high flow rates corre-
sponding to liquid only flow. The strongest flow maldistribution occurs when
pressure drop in the least heated channel reaches it peak value Fig.5.5(d).
Stability analysis reveals regions of instability that cannot be physically ob-
served. There can be up to 3 possible pressure drop solutions at particular
flow rate as shown in Fig.5.5(b), and each of them correspond to a particular
splitting ratio between 3 channels as shown in Fig.5.5(c,d). If the supply flow
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rate G is constant, then pressure drop oscillations along with flow patterns
alternation can be observed in the three-channel system.
5.2.3 Interaction of Four and Six Parallel Channels
Increase in the number of parallel channels increases the complexity of the
flow rate distribution problem between parallel channels. The distribution
of four and six parallel channels flow is shown in Figs. 5.6 and 5.7.
Figure 5.6: Characteristic ∆P − G curve of the four channel system
(R245fa, D = 1.2 mm, Tsat = 10
◦C, ∆Tsub = 3 K, L = 0.2 m):
(a) individual channels curve, (b) total flow rate,
(c) flow rate splitting ratio, (d) flow rate distribution map
It is noticeable that the least heated channel has the highest flow in both
cases, and the most heated channel has the least amount of flow. The higher
the heat flux is the higher the two-phase flow resistance will be; therefore,
the least amount of liquid feeds the channel. Flow maldistribution peaks
when pressure drop is reaches the peak of the ∆P − G of the least heated
channel as in the previous case of 3 channels, and it decreases as pressure
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drop starts to decline. Multiple flow distribution scenarios become possible
in the negative slope region of the ∆P − G curve.
There exist several possible flow rates at a fixed pressure drop in the range
0.2-1.2 kPa (Figs.5.6a and 5.7b), and there can be up to 3 different pressure
drop solutions at a constant mass flux similarly to the case with 3 paral-
lel channels. Interestingly, variation in the total flow rate decreases as the
number of channels increases the number of distinct hairpin-like flow rate
features in Figs. 5.6b and 5.7b) increases, and the distance between them
decreases. This indicates that at a large number of channels unstable and
stable solutions are tend to neighbor closer to each other, and system can
shift from stable to unstable state at smaller changes in the flow rate or
pressure drop.
Figure 5.7: Characteristic ∆P − G curve of the six channel system
(R245fa, D = 1.2 mm, Tsat = 10
◦C, ∆Tsub = 3 K, L = 0.2 m):
(a) individual channels curve, (b) total flow rate,
(c) flow rate splitting ratio, (d) flow rate distribution map
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5.3 Discussion on Instability of Flow Boiling in
Parallel Channels
Flow Distribution Between Unevenly Heated Channnels
Analysis of the dependence of the two-phase flow boiling pressure drop
on the flow rate in each individual mcirochannel, and the combination of
characteristic ∆P − G curves provides a valuable insight regarding the flow
rate distribution in parallel channels. Although the flow distribution and
instability regions illustrated in Figs.5.3 - 5.7 are obtained purely analytically
the physical phenomena are still captured.
The flow rate does not split evenly if channels are non-uniformly heated,
unless single phase flow prevails inside the tubes. At constant incoming flow
rate conditions, the flow rate needs to redistribute between parallel channels
and the splitting ratio depends on the heat flux magnitude. This was ex-
perimentally recorded in a previous work of the author [54, 55] when flow
boiling of R134a in 4 parallel non-uniformly heated microchannels Dh = 540
µm were experimentally studied on a facility shown in Appendix D (Figs.D.1
and D.2). Transient pressure drop signals analysis between parallel unevenly
heated channels revealed that the difference in flow patterns variation be-
tween parallel channels was decreasing as flow rate was increasing; intermit-
tent flow patterns were observed at high flow rates. In a similar fashion, as
shown in the flow distribution maps in Fig.5.6(b) and 5.7(b), the flow rate in
the most heated channels 1 and 2 switches to the negative slope region that
corresponds to intermittent flow patterns.
Several sets of experiments were conducted by the author, as described
in [54, 55], to determine the presence of inter-channel interaction and the
strength of the relationship of the flow boiling between unevenly heated par-
allel channels. Five different flow rates (m) of incoming liquid refrigerant
from 0.10 g/s to 0.50 g/s were examined. The magnitude of heat flux ap-
plied to the adjacent glass tubes differed two times: the 1st glass channel was
subjected to the highest heat flux 18.66 kW/m2, the 2nd - 12.62 kW/m2, the
3d - 5.78 kW/m2, while the 4th microchannel was adiabatic. Preheating tubes
were subjected to equal heat fluxes during each set of experiments (1st set:
qpreh = 3.82 kW/m
2, 2nd set: qpreh = 5.96 kW/m
2, 3d set: qpreh = 8.57 kW/m
2).
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Results of the extended statistical analysis of the transient pressure drop sig-
nals and cross correlation between parallel channels is provided in Appendix
D. Transient pressure drop plots showed different behavior of ∆P fluctuations
at various flow rates (Fig.D.3-D.6).
Parallel channels interaction was quantified by defining cross-correlation
coefficient r and coefficient of determination r2 as illustrated in Fig.D.7 -
D.8. Experiments showed the presence of strong interaction between channels
with the highest heat flux difference among a set of channels, occurring at
low flow rates when rapid evaporation of liquid, in the channel subjected to
the highest heat flux. As a result, significant evaporation rate led to flow
rate decrease through the channel. Flow rate in neighboring channels had to
change in accordance with flow rate decrease in the highest heated channel
since the total flow rate through the set of channels was constant. The least
heated channel was more sensitive to the fluctuations in other channels. In
the experiments the cross-correlation between the most and the least heated
channels reached up to 39% when the flow rate was the lowest (m=0.1 g/s).
Stability Analysis of Multi-Channel Flow Boiling System
Linear stability analysis assisted in defining stable and unstable flow rates.
Flow becomes unstable when pressure drop at least in one channel is in
the negative slope of the individual channel characteristic curve. Based on
the flow patterns observed experimentally and discussion in Chapter 3,
negative slope region of the pressure drop curve corresponds to intermittent
flow patterns (bubbly, slug flow).
The results of this analytical study are in agreement with the results by
Akagawa et al. [27] who pioneered in studying the flow stability in parallel
pipes and the distribution of flow rates. They experimentally studied flow
boiling of water in 40 m long parallel 4 mm diameter pipes, and they observed
characteristic curves in Fig. 5.8 and flow rate distributions shown in Fig.5.9
similar to ones presented in Fig. 5.3 and Fig. 5.4. According to Akagawa et
al. multiple channels interaction can be grouped in the following patterns:
• Combined pattern - interaction of parallel channels results into total flow
characteristic curve ∆P − G that has the features shown in Fig.5.8a.
Corresponding flow splitting characteristic is shown in Fig.5.9a.
97
• Simple continuous pattern - total characteristic curve exhibits a smooth
spline as shown in Fig.5.8b, and flow distribution is presented in Fig.5.9b.
Figure 5.8: Characteristic curves of a two tube system filled with water:
(a) combined pattern, (b) simple continuous pattern [27]
(a) Combined pattern (b) Simple continuous pattern
Figure 5.9: Relationship between flow rates in individual tubes
and total flow rate [27]
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As shown in Fig. 5.9a, Akagawa et al. also observed two small elongated-
shaped closed loops inside the main distribution pattern similar to the ones
presented in Fig. 5.4c. They experimentally found that the lower part of
the upper loop and the upper part of the lower loop are unstable and no
experimental points were measured. Similarly, Barnea et al. [29] observed
unstable branches of the flow distribution solution shown in Fig.5.10. They
studied the flow distribution of water in circular pipes (D = 3 mm), and their
results delineate stable and unstable regions of flow distribution - it can
be seen that flow rate is unstable in the negative slope region of the flow
distribution curve.
Figure 5.10: Theoretical and experimental flow rate distribution
(water, D = 3 mm, L = 1 m, Pout = 1 bar, Q = 600 W/m) [29]
The results of this analytical study on flow distribution between parallel
channels are in agreement with several experimental studies [27–29] - al-
though numerous solutions of the flow rate at fixed ∆P or vice versa can be
possible, not all of them are stable and can be physically observed.
The analysis of flow distribution in parallel channels is provided assum-
ing that all channels are identical regarding channel size and wall roughness
which does not occurs in reality unless microchannels are precisely machined.
Imperfect channels can have different amount of nucleation cites that can lead
to the deviation of operational parameters. Therefore, the actual interaction
of parallel channels can deviate from the model presented. Despite the afore-
mentioned limitation, this analysis can still be a valuable tool to predict the
behavior of multiple non-uniformly heated channels since it can foresee the
behavior of the multichannel system.
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CHAPTER 6
CONCLUSIONS
This research focuses on prediction of instabilities in parallel non-uniformly
heated microchannels that are the building blocks of aluminum extruded
microchannel evaporators.
The evidence of heat flux maldistribution between parallel channels was
confirmed via numerical simulation of the conjugate heat transfer problem of
louvered fins and multichannel aluminum plates. Results show that a channel
closer to the leading edge of the plate is subjected to the higher heat flux,
while the last channel subjected to the least heat flux. Port-to-port heat flux
distribution in-between the first and the last channel depends on the plate
configuration. If a channel size equal or larger than the width of the leading
louver then the heat flux monotonically decreases, there is a slight heat flux
increase after the turning louver due to the enhanced air flow mixing. If a
characteristic length of a channel is smaller than the entrance louver width,
then the second channel receives less amount of heat flux in comparison with
neighboring channels due to the boundary layer growth on the outer surface
of the multiport plate. The overall heat flux variation over the span of a
multiport plate can reach 90% at lower incoming air flow velocity, while it
is 65% at higher free stream air velocities due to the enhanced mixing and
smaller change in mixing-cup temperature.
Neighboring microchannels in a heat exchanger are subjected to the uni-
form pressure drop across each of them, and flow rate may split between
parallel channels in order to meet the constant pressure drop boundary con-
dition. This introduces oscillations in flow rate and flow patterns alternation.
Such instabilities of the two-phase flow boiling system can be analyzed us-
ing characteristic curve ∆P − G of each individual channel. Flow boiling
is unstable when two-phase flow acceleration is high and vapor qualities are
low which corresponds to the operating points in the negative slope region
of the ∆P − G curve, as the result, the operating point tends to shift to the
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positive slope region of the boiling curve.
The negative slope region can be predicted by theoretical modeling of total
pressure drop across a certain channel length. Moreover, it is possible to pre-
dict multiple channels behavior regarding flow rate distribution by knowing
characteristic curve of an individual channels. Linear stability analysis of the
momentum equation for the small flow rate perturbation assists in defining
unstable regions leading to flow parameters oscillations.
Analysis of the pressure drop behavior over the range of flow rates was
undertaken in the current research for the flow boiling of refrigerant R245fa
in 0.5-2 mm circular channels. Existing single-phase pressure drop and two-
phase frictional pressure drop models available in the literature were evalu-
ated using single channel experimental data. Single-phase frictional pressure
drop correlation by Churchill [76], void fraction model by Xu and Fang [2]
and two-phase frictional pressure drop model by Kim and Mudawar [1] have
demonstrated applicability for evaluation of the flow boiling pressure drop in
microchannels. Therefore, these correlations were used to predict the total
pressure drop behavior of non-uniformly heated parallel channels.
Multiple-channel system analysis showed that even when two channels
have identical characteristic pressure drop behavior, flow maldistribution can
occur. Flow maldistribution between parallel channels becomes even more
complex when more channels are present in the system. Although the flow
distribution between parallel channels becomes chaotic, it is still possible to
delineate regions of instabilities that are caused by the negative slope existing
in the characteristic curve. This research showed that by knowing individual
channel pressure drop behavior regions of instabilities can be identified (in
terms of operating points).
The results of this study can be refined by experimental measurements of
flow distribution in multiple channels by applying methods such as vapor-
liquid interface tracking (VLIT) and particle tracking velocimetry (PTV).
These video analysis techniques can assist in quantifying cross-sectional void
fraction and mass flux in each channel based on measurements of instan-
taneous flow velocity. Furthermore, research on flow boiling instabilities in
non-uniformly heated microchannels can be extended in three directions:
• Improved stability analysis by considering transient ∆P −G behavior
(include transient terms in momentum equation)
101
• Refined study on heat flux maldistribution between parallel microchan-
nels by examining heat transfer variation due to different flow patterns
and heat flux non-uniformity in longitudinal direction
• Link the in-channel stability analysis with the overall AC&R machine
performance (examine various operational modes (eg. cooling, heat
pump) and define an optimum operational space of balanced COP,
heat transfer rate and stability)
Overall this research has two major contributions. The first one is based
on numerical simulations of the transient 3-dimensional heat transfer prob-
lem that revealed heat flux maldistribution between neighboring channels.
The second contribution is modeling of flow rate behavior in multiple non-
uniformly heated parallel microchannles. Understanding of the flow rate
distribution in parallel channels can lead to prediction of the flow boiling in-
stabilities. This can be a valuable tool for engineers struggling with choosing
safe operational conditions and developing compact evaporators. Generally,
the results of this work have significant impact on understanding flow boiling
behavior in multiple microchannels that could lead to practical applications.
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APPENDIX A
Figure A.1: Overview of the geometry A (11 round ports, D = 1.2 mm)
Figure A.2: Overview of the geometry B (22 square ports, Dh = 0.54 mm)
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Figure A.3: Meshing of the geometry A (11 round ports, D = 1.2 mm)
Figure A.4: Meshing of the geometry B (22 square ports, Dh = 0.54 mm)
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APPENDIX B
Governing equations used for numerical study in Chapter 4:
• Mass conservation:
Dρ
Dt
+ ρ · ∇−→v = 0 (B.1)
• Momentum equation:
ρ
D−→v
Dt
= −∇P + µ∇2−→v + ρ−→g (B.2)
• Energy equation:
ρCp
DT
Dt
= k∇2T (B.3)
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Figure B.1: Transient velocity contours in the middle cross-section in
x-plane (geometry A) within a period of the wake oscillations
(U=5 m/s, ∆T = 20 K)
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Figure B.2: Transient temperature contours in the middle cross-section in
x-plane (geometry A) within a period of the wake oscillations
(U=5 m/s, ∆T = 20 K)
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Figure B.3: Velocity and temperature contours in the middle cross-section
in x-plane (geometry A) at U=1 m/s, ∆T = 20 K
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Figure B.4: Transient velocity contours in the middle cross-section in
x-plane (geometry A) within a period of the wake oscillations
(U=5 m/s, ∆T = 20 K)
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Figure B.5: Transient temperature contours in the middle cross-section in
x-plane (geometry B) within a period of the wake oscillations
(U=5 m/s, ∆T = 20 K)
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Figure B.6: Velocity and temperature contours in the middle cross-section
in x-plane (geometry B) at U=1 m/s, ∆T = 20 K
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APPENDIX C
Figure C.1: Surface roughness of aluminium extruded microchannels:
(a) Dh = 2500 µm, (b) Dh = 1200 µm, (c) Dh = 540 µm
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APPENDIX D
Figure D.1: Schematic of the experimental loop to study flow boiling in
parallel microchannels [54, 55]
Figure D.2: Schematic of the test section to study flow boiling in 4 parallel
microchannels 540 µm [54, 55]
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Figure D.3: Transient ∆P fluctuations in 4 parallel channels
(Dh = 0.54 mm, R134a, Tsat = 29
◦C)
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Figure D.4: Probability distribution of transient ∆P signals in 4 parallel
channels (Dh = 0.54 mm, R134a, Tsat = 29
◦C)
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Figure D.5: Spectral density of transient ∆P signals in 4 parallel channels
(Dh = 0.54 mm, R134a, Tsat = 29
◦C)
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Figure D.6: Statistical analysis of transient ∆P signals in 4 parallel
channels (Dh = 0.54 mm, R134a, Tsat = 29
◦C)
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Figure D.7: Comparison of cross-correlation of ∆P signals in 4 parallel
channels (Dh = 0.54 mm, R134a, Tsat = 29
◦C) [54, 55]
Figure D.8: Comparison of correlated data percentage between 4 parallel
channels Dh = 0.54 mm, R134a, Tsat = 29
◦C) [54, 55]
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